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ABSTRACT 
Unreinforced high bond strength thin layer mortared masonry shear wall is an emerging 
structural system and hence there is a need to probe its structural responses for better 
understanding and safer usage in practice. For a detailed understanding of structural 
response, it is required to probe all possible failure modes of high bond strength 
masonry shear walls for various aspect ratios (H/L), pre-compression pressure ( pc ) 
and material properties. This PhD thesis aims at studying the possible failure modes of 
high bond strength masonry shear walls and preparing a dataset through numerical 
modelling in finite element framework for development of design equation. 
The occurrence of flexural, diagonal shear, base sliding and toe crushing in shear walls 
is well understood; however, numerical modelling method to predict the sliding failure 
of masonry shear wall is not widely reported. To predict all possible failure modes of 
unreinforced masonry shear walls, an interface element is first developed and is shown 
that it has limitations with base sliding prediction. Therefore, a surface contact 
modelling method is then developed, which predicts sliding but not the diagonal 
cracking adequately. Therefore, the interface element and the surface contact models 
have been combined; the combined model is shown to effectively predicting all 
possible failure modes and the results compare well with the experiments – but are 
expensive to formulate and run for real world shear walls. Therefore, a structural level 
model in explicit finite element framework suitable for the analysis of multi-level shear 
walls is developed. Material characterisation through biaxial failure surface required for 
the structural level model is first developed using the interface element. 
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The structural level model is used extensively to examine the effect of the factors 
influencing the structural response of shear walls. From the results of the numerical 
analyses, a design equation for the high bond strength masonry shear walls is 
developed. Based on the study performed following conclusion are made; 
(1) Increasing bond strength of masonry changes the failure mode from diagonal to 
sliding especially under low pre-compression and doesn’t proportionally 
increase the in-plane shear capacity. 
(2) Increasing pre-compression pressure overcome the sliding failure, but the 
failure occurs more dominantly through the masonry units than the joints 
High bond strength masonry can withstand high pre-compression pressure – however, 
its performance under low pre-compression can be worse than anticipation associated 
with the increase in bond strength. Therefore, high bond strength masonry may be 
better suited for taller buildings and/ or pre-stressed masonry applications. 
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SYMBOLS 
 
nA  Net bedded area h  Slope of post-failure response curve 
1t  Equivalent normal tensile displacement ration sh  Storey height 
2t  Equivalent tangential displacement ration in tension uh  Height of concrete masonry unit 
oc  Shear bond strength of masonry k  Stiffness matrix 
c  Compression displacement applied to specimen nk  Normal stiffness 
f  Flexural displacement applied to specimen sk  Tangential stiffness 
H  
Horizontal in-plane shear displacement applied to 
wall 
L  Length of wall (mm) 
tn  Tensile displacement normal to bed joint   Dimensionless in-plane shear strength parameter 
tp  Tensile displacement parallel to bed joint uM  Masonry unit 
cn  Compressive displacement normal to bed joint mM  Mortar body 
cp  Compressive displacement parallel to bed joint m  Thickness of mortar contribute to unit 
s  Shear displacement applied to specimen n  Normal to bed joint 
juE  Modulus of elasticity of masonry 
tan 
 
Coefficient of friction 
uE  Modulus of elasticity of masonry unit   Poisson’s ratio of mortar 
mE  Modulus of elasticity of mortar p
 Parallel to bed joint 
s  Strain corresponds to elastic shear limit HP  In-plane horizontal load resisted by wall 
cu  Compressive strain of masonry unit 1p  Normal plastic displacement in tension 
tu  Tensile strain of masonry unit 2p  Shear plastic displacement 
1f  Tension (Mode I) failure 3p  Compression plastic displacement 
2f  Shear (Mode II) failure  1 1( )r p
 Tension softening stress 
3f  Compression failure 2 2( )r p
 Shear softening stress 
cuf  Peak failure stress of masonry s  Shear plan 
cnf  Compressive strength normal to bed joint t  Traction matrix 
cpf  Compressive strength parallel to bed joint a  Master surface for contact joint 
tnf  Tensile strength normal to bed joint b  Slave surface for contact joint 
tpf  Tensile strength parallel to bed joint o  Initial failure stress of masonry 
'
mf  Compressive strength of masonry pc  Initial failure stress of masonry 
'
mtf  Tensile bond strength of masonry n  Normal stress 
'
msf  Shear bond strength of masonry r  Residual compressive stress of masonry 
tf  Tensile bond strength of masonry jt  Thickness of mortar joint 
ucf  Unconfined compressive strength of masonry unit s  Tangential stress 
tuf  Tensile strength of masonry unit u  Displacement matrix 
oG  Energy value for uni-axial failure nu  Displacement normal to bed joint 
mG  Shear modulus of mortar nou  
Normal displacement corresponds to peak tensile 
stress 
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tf
G  Tensile energy npu  Displacement corresponds to peak stress 
sf
G  Shear energy nru  Displacement corresponds to residual stress 
uG  Shear modulus of unit su  Tangential displacement normal to bed joint 
H  Height of wall sou  
Tangential displacement corresponds to peak 
tensile stress 
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1. Introduction 
 
1.1. Masonry Shear Walls 
Masonry is a heterogeneous material consisting of units, binder and unit-mortar 
interfaces. Masonry provides significant resistance to compression but is weak under 
flexural and shear. When a load bearing wall is subjected to in-plane shear due to 
earthquake or wind, (Figure 1.1), its behaviour is dominated by tension and shear to 
which masonry is vulnerable. 
 
In the conventional masonry, concrete blocks or bricks are bonded with 10mm thick 
cement-sand mortar joints. In such walls the tensile and shear bond strengths are quite 
low and hence the shear walls fail mostly through unit-mortar interfaces – hence these 
interfaces are known as planes of weakness in the literature. These planes of weakness 
can be avoided through usage of quality of masonry units and high adhesive mortars 
(Da Porto 2005, Walliman et al. 2008, Dhanasekar and da Porto 2009, Thamboo et al. 
Pre-compression ( ) 
In-plane shear ( ) 
Figure 1.1: Masonry shear walls 
      
 
Introduction 2 
 
 
2012). Due to the cost of these high adhesive mortars (epoxy or polymer cement 
mortars), the thickness of mortar is reduced to 2 ~ 4mm. The masonry with high tensile 
and shear bond strengths and reduced mortar thickness is usually called thin layer 
mortared masonry. 
1.2. Failure modes of masonry shear walls 
It is well known that unreinforced conventional masonry shear walls fail due to flexural 
tensile uplift at heel and shear cracking along the diagonal or shear sliding along the 
bottom courses or their combination with crushing at toe. All these failure modes 
depends on the aspect ratio (H/L), pre-compression (
pc ) and material properties. 
Conventional masonry shear walls generally fail due to diagonal cracking through the 
mortar joint or the unit-mortar interfaces along with crushing at toe. It is generally 
expected that usage of high strength adhesives can increase the in-plane shear capacity 
of the structural wall; this can be true if the failure mode of the high bond strength walls 
remains the same as that of the low bond strength wall. Unfortunately it is not clear 
from the literature whether or not the high bond strength of masonry shear walls retain 
the failure mode similar to that of the conventional masonry shear walls. Any change of 
failure mode can have a significant effect on the shear capacity of walls. This thesis is 
primarily focussed on uncovering the modes of failure of high bond strength walls 
through extensive numerical modelling methods and some limited experimental studies. 
1.3. Research Significance 
High bond masonry is being used for more than 15 years in many countries especially 
those in the Europe. This type (high bond strength, thin layer) masonry is regarded as 
an environmental friendly, cheaper and faster erectable material which can reduce 
construction cost up to 14% with the ongoing increase in demand  
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(http://www.heidelbergcement.com, http://www.insidehousing.co.uk). Marini et al.  
(2014) based on the European Union (EU) construction statistics reported that 25 
billion m
2
 useable floor area was constructed in the EU in 2013 of which 8.8% was in 
the UK. As the wall area to floor area ratio in typical dwelling is approximately 2.5, the 
wall area constructed in the UK in 2013 is approximately 5.5 billion m
2
 – or, 611 
million 3m × 3m walls. It is claimed in Airtec (2011) that 90% of the walls in the UK 
used thin layer mortar construction for both housing and commercial constructions. 
Whilst these walls undoubtedly possess high strength, their structural behaviour is not 
completely understood, especially the complex shear wall actions. Such magnitude of 
construction in the absence of well-developed understanding of the structural walls is a 
significant problem and can be a problem in Australia in near future as the 
developments in the UK generally creeps into Australia. This research aims at 
improving the understanding of the structural behaviour of high bond strength masonry 
shear walls with particular focus on the effect of increase in bond strength to the 
capacity of the shear walls. 
1.4. Aim and Objectives 
This thesis aims at uncovering the effect of tensile and shear bond strengths of the 
masonry to the failure modes, capacities and deformation characteristics of 
unreinforced masonry shear walls with particular focus on high bond strength thin layer 
mortared masonry shear walls. 
The aim will be achieved through the following enabling objectives: 
1. Develop material level (also known as micro modelling in the literature) 
numerical modelling methods to closely examine the in-plane shear capacity of 
the unreinforced masonry shear walls. 
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2. Use the material level models to examine how and why various modes of failure 
of unreinforced masonry shear walls occur under the effect of low/ high bond 
strengths of masonry. 
3. Validate the predictions of the material level modelling methods through some 
limited full size shear walls experimental investigations. 
4. Develop a structural level (also known as macro modelling in the literature) 
modelling method for high bond strength masonry shear wall analysis so that 
multistorey wall system could be examined. Study the influence of different 
parameters extensively using a structural level model and prepare a dataset of 
structural response of high bond strength masonry single and multi-storey wall 
panels. 
5. Identity the parameters which influence the structural behaviour of high bond 
strength masonry shear walls and develop a design equation. 
1.5. Scope and Limitations 
The scope of the study allows for a wide range of bond strengths (low bond strengths 
typical of conventional masonry to very high bond strength equal to the modulus of 
rupture of blocks) in unreinforced masonry shear walls. The modelling method is 
generic and capable of predicting all possible modes of failure including base sliding, 
diagonal cracking, heel uplifting and toe crushing; it can be adopted for the modelling 
of all forms of masonry made from stone, clay bricks, solid or hollow concrete blocks 
or calcium silicate bricks, as long as their basic properties are evaluated from limited 
material testing. 
Following are the limitations of this study; 
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 only the unreinforced concrete masonry shear walls are examined 
 only monotonic static loads are considered  
1.6. Outlines of Thesis 
Chapter 2 provides a brief review of literature regarding the unreinforced masonry 
shear walls and the important parameters that affect their response. Conventional and 
high bond strength masonry shear walls are reviewed with particular focus on their 
modes of failure.   
Chapter 3 presents the details of the research hypothesis and plan. 
Chapter 4 presents a material level modelling method for unreinforced masonry. An 
interface element formulation for homogenised behaviour of mortar and unit-mortar 
interaction is described in this chapter. Mesh as well as load increment convergence 
studies performed and calibration of model is also presented in this chapter. 
Chapter 5 presents a surface contact modelling method to simulate the failure of 
masonry shear walls. The formulation of contact mode and its application to 
unreinforced masonry is also presented in this chapter. 
Chapter 6 presents a combined interface and surface contact modelling approach to 
check whether or not such a combined model would replicate all possible modes of 
failure of the unreinforced masonry shear walls. Modes of failure predicted for high 
bond strength masonry shear walls along with material parameters are also reported in 
this chapter. 
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Chapter 7 presents experimental testing of high bond strength masonry shear walls. 
Experimental results used to validate the material level model also presented in same 
chapter. 
Chapter 8 presents the first part of structural level modelling; a biaxial failure surface 
specific for high bond strength masonry is developed in this chapter.  
Chapter 9 presents the numerical analyses of high bond strength masonry shear walls 
using the structural level model. The failure modes for a range of aspect ratio (H/L) and 
pre-compression pressure ( pc ) for single and multistorey walls are investigated 
numerically and reported. Finally, the in-plane shear capacity of high bond strength 
masonry walls resulted from these analyses are used to develop a design equation. 
Chapter 10 presents the conclusion and recommendations. 
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2. Literature Review 
 
2.1. Introductions 
This chapter provides a brief review of literature regarding the unreinforced masonry 
shear walls. Conventional and high bond strength masonry shear walls are reviewed 
with particular focus on their modes of failure.  Experimental investigations and 
numerical modelling strategies reported in the literature are included. The gaps in the 
literature with particular reference to high bond strength, thin layer mortared masonry 
are also identified and discussed.  
2.2. Failure of Masonry Shear Walls 
Masonry is a heterogeneous material consisting of units, binder and unit-binder 
interaction. Masonry provides a considerable resistance when subjected to compressive 
loads normal to the bed joints but when subjected to flexural or shear loads, it is weak 
and often brittle depending on the mode of failure. A load bearing masonry shear wall 
subjected to in-plane shear loads due to earthquake or wind loading, and vertical 
compression is shown in Figure 2.1. 
Conventional masonry shear walls normally fail due to debonding of the unit-mortar 
interfaces and cracking of mortar layers. Low and highly variable bond strengths of the 
unit-mortar interfaces are the major reason for such failure – hence these interfaces are 
known as the planes of weaknesses. Where the units are weak, failure planes may cut 
through the units. Where high bond strength binder is used, these planes of weakness 
might well still exist, but could modify the mode of failure from pure debonding to a 
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combination of debonding and unit cracking depending on the level of bond strength. 
Further, as these high bond strength mortars are expensive, they are applied in thin 
layer (2 mm - 4 mm as opposed to 10 mm thick conventional masonry joints); it is well 
known that the reduced mortar layer thickness contributes to increase in the 
compressive strength of masonry; there is also some evidence that reduced mortar 
thickness also increase the adhesion (Da Porto 2005, Walliman et al. 2008, Thamboo et 
al. 2013). 
 
 
2.3. Factors Effecting Shear Wall Response 
An unreinforced conventional masonry shear wall can initiate failure due to flexural 
uplift at heel or principal tensile cracking along the diagonal or sliding along the bottom 
courses depending on the aspect ratio (H/L), pre-compression ( pc ) and the ratio of the 
bond strength to compressive strength of masonry. Crushing at toe or loaded corner 
defines ultimate stage of failure, but other stability criterion might take precedence over 
the crushing failure. Conventional masonry shear walls exhibiting low tensile and shear 
Pre-compression ( ) 
In-plane shear 
displacement ( )  
Figure 2.1: Boundary conditions for masonry shear wall 
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bond strengths typically fail through mortar joint or unit-mortar interface. There are 
three main factors that can influence the failure modes. 
a. Aspect Ratio (H/L), in which H and L are height and length of wall; 
b. Pre-compression (
pc ); 
c. Material properties – in particular relative strengths of interfacing bond and unit 
compressive strengths; stiffness properties of joint and units also have some 
effect. 
2.3.1. Influence of Aspect Ratio (H/L) 
The ratio of wall height to its length is defined as the aspect ratio (H/L). Brunner and 
Shing (1996) have reported that the in-plane shear capacity of masonry shear wall that 
fails due to diagonal cracking is higher than those walls that fail due flexure (uplifting 
of heel followed by toe crushing). Failure modes of masonry shear wall are affected by 
the aspect ratio (H/L) to a large extent. For example a tall wall (H >> L) tends to fail in 
flexure whilst a short wall (H << L) tends to fail due to diagonal cracking (induced by 
the principal tension perpendicular to diagonal strut).  
Unreinforced conventional masonry shear walls exhibit three failure modes based on 
aspect ratio as shown in Figure 2.2 (Drysdale et al. 1993, Mahmoud et al. 1995).  
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Shear failure, whether base sliding (Figure 2.2(a)) or diagonal cracking (Figure 2.2(b)), 
is common in masonry walls where the aspect ratio (H/L) is less than one (height is less 
than the length of wall). Tensile uplift at heel and crushing at toe is common when 
aspect ratio of wall is greater than one, as shown in Figure 2.2(c) (Shing et al. 1989, 
Davidson and Brammer 1996, Haider 2007, Dhanasekar and Haider 2008, Haach et al. 
2011). 
A numerical study performed on unreinforced masonry shear walls by Haach et al. 
(2011) has shown that increase of aspect ratio from 0.64 to 2.33 (or, 3.6 fold) would 
cause nine fold reduction of the in-plane shear capacity when the pre-compression 
1.0
H
L

 
1.0
H
L

(b): Diagonal shear failure 
1.0
H
L

Figure 2.2: Modes of failure of unreinforced masonry shear walls 
(a): Sliding shear failure 
(c): Flexural failure 
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pressure (
pc ) is kept constant. This change in aspect ratio also changes the failure 
mode from diagonal to flexural. 
For high bond strength masonry shear walls, in regards to aspect ratio, there are limited 
data available. For example, Da Porto (2005) has performed experiment on high bond 
strength masonry shear walls with relatively high pre-compression pressure ( '0.17 mf  to 
'0.33 mf )for 1000 mm1000 mm walls (aspect ratio = 1). Diagonal failure was reported 
with smeared cracking through joints as well as units along the diagonal.  
It will be interesting to probe the behaviour of high bond strength masonry shear walls 
for aspect ratio (H/L) less than one; this research will focus on this area. 
2.3.2. Influence of Pre-compression (
pc ) 
Pre-compression ( pc ) is another important factor that influences the failure mode of 
masonry shear wall and hence the in-plane shear capacity. It is reported that the pre-
compression can change the mode of failure from flexural to diagonal shear for a 
square wall and correspondingly increase its shear capacity (Fattal 1993, Ghanem et al. 
1993, Alcocer and Meli 1995, Haach et al. 2011). A change in pre-compression from
'0.05 mf to
'0.1 mf can cause an increase in in-plane shear capacity by 80% (Ghanem et al. 
1993).  Voon and Ingham (2006) reported that an increase in pre-compression from 
'0.02 mf  MPa to 
'0.05 mf  MPa on conventional masonry square walls can increase shear 
capacity of the wall by 13% and 22%. 
Haach et al. (2011) reported that an increase in pre-compression ( pc ) up to 
'0.40 mf  
increases the in-plane shear capacity of the wall and changes the failure mode from 
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flexural rocking to diagonal shear cracking for square walls. Further increase in pre-
compression can reduce the in-plane shear capacity causing compression failure. 
Da Porto (2005) has performed studies on high bond strength masonry shear walls 
under high pre-compression (> '0.17 mf ). For high bond strength masonry shear walls of 
aspect ratio (H/L) equal to one, the increase in pre-compression from '0.17 mf  to 
'0.33 mf  has shown to increase the in-plane shear capacity by 1.45 times. Furthermore, 
the failure occurred through the blocks more prominently than limited to the joints, 
therefore, high bond strength mortared masonry walls with pre-compression almost 
could eliminate the delamination type joint failure. The effect of pre-compression 
requires further investigate for high bond strength masonry shear walls – in particular 
pre-compression lower than '0.17 mf  for a reliable design information; this research 
focuses on low pre-compression. 
2.3.3. Influence of Material Properties 
Material property is another important parameter which affects the in-plane shear 
strength of masonry walls. The important material properties which affect the response 
of shear walls are the properties of masonry units and the unit-mortar adhesion and 
friction. Riddington and Noam (1994) have reported that tensile strength of masonry 
unit can increase the ultimate shear capacity of the wall. Zhuge (1998) has reported that 
the tensile and shear bond strengths of masonry have more influence when pre-
compression is low. The strength properties of mortar has limited effect on shear 
capacity of the wall but mortar workability and block surface roughness can affect the 
tensile and the shear bond strengths, hence, the failure mode and the in-plane shear 
capacity (Riddington and Naom 1994, Hansen et al. 1998, Thamboo 2014). Dhanasekar 
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(1985) has reported that the increase in tensile and shear bond strength can increase in 
shear capacity of masonry walls while the compressive strength has relatively low 
influence.  
For a comparison of material properties, particularly low bond strength (conventional) 
and high bond strength (thin layer) masonry walls, the results of Raijmaker (1992) and 
da Porto (2005) are presented in Table 2.1. Raijmaker (1992) has performed an in-plane 
shear test on a conventional masonry shear wall and da Porto (2005) has performed test 
of a similar aspect ratio wall using high bond strength (Raijmakers 1992, Da Porto 
2005). The geometric and material parameters are shown in Table 2.1 
Table 2.1: Comparison of conventional and high bond strength shear wall failure 
Reference Dimensions 
(mm) 
'
mtf  
(MPa) 
'
msf  
(MPa) 
'
mf   
(MPa) 
pc   
(MPa) 
Failure 
Raijmaker 
(1992) 
900 1100 0.25 0.3 8.6 1.21 
Through mortar Joint along 
diagonal 
Da Porto 
(2005) 
1000 1000 0.38 0.47 8.8 1.5 
Through units as well as 
joint along diagonal 
 
In conventional masonry shear walls, with low bond strength, the failure was through 
mortar joint along a diagonal for all values of pre-compression ranging from 0.30 MPa 
to 2.12 MPa, as shown in Figure 2.3(a) and (b) (Vermeltfoort and Raijmakers 1993). 
On the other hand, high bond strength masonry shear wall, with high adhesive mortar 
joint, failed through smeared cracking through blocks and more significantly along 
diagonal at pre-compression of 1.17 MPa, as shown in Figure 2.3(c) and (d). 
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There are limited data reported on the effect of tensile and shear bond strengths of 
masonry to the failure modes and in-plane shear capacities. Based on these limited data, 
it can be inferred that the high bond strength masonry has unit-mortar interaction 
strength high enough to cause failure through units – especially under high pre-
compression (Da Porto 2005). It could mean that under low pre-compression, the wall 
joints may be strong enough to let the wall behave as a rocking body rather than a 
diagonally cracking body as the conventional masonry. Furthermore, the walls with 
aspect ratio (H/L) less than 1 can have sliding tendency under low pre-compression. 
This lead to a hypothesis that the long unreinforced walls (H/L<1) with high bond 
strength under low pre-compression can have sliding failure instead of diagonal failure 
Figure 2.3: Comparison of conventional and thin high bond masonry (Lourenco 1996, 
Da Porto 2005) 
(a): Conventional masonry wall 
(b): Load-displacement curve for conventional 
masonry shear wall 
(d): Load-displacement curve for high bond strength 
(thin layer) masonry shear wall 
(c): High bond strength masonry wall 
2.12
1.21
0.30
pc
pc
pc
MPa
MPa
MPa






H

H

HP
1.17pc MPa 
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as common in the conventional masonry. To support this argument, a preliminary 
numerical simulation was performed on a conventional and a high bond strength 
masonry shear walls – the results, the research hypothesis, of which are reported in 
Chapter 03. 
2.4. Numerical Modelling of Masonry 
Finite element, discrete element and applied element modelling methods are commonly 
used for masonry modelling. Finite element modelling method is widely used in which 
different approaches are adopted for numerically analysing the masonry which are; i) 
material level modelling, widely termed as micro modelling, and ii) structural level 
modelling, widely termed as macro modelling. 
Material level modelling is further divided into two types; a) detailed material level 
modelling and b) simplified material level modelling. 
In the detailed material level modelling, the properties of each constituent material of 
masonry (unit and mortar), are defined separately. Unit-mortar interaction is  defined 
through a discontinuous contact (Adam et al. 2010, Thamboo 2014) to study the effect 
of tensile and shear bond characteristics (Figure 2.4(a)) or to define a perfect bond 
without any discontinuity (Figure 2.4(b)) (Wu and Hao 2008). This modelling approach 
use fine mesh for mortar joints; for full size shear walls, such finer mesh increase the 
computation effort many fold and hence generally not used. 
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In the simplified material level modelling, the mortar layer and interface are 
homogenised together through zero thickness 4 or 6-node elements (Lourenço and Rots 
1997, Spada et al. 2009, Mahaboonpachai et al. 2010, Dolatshahi and Aref 2011) or 
using surface contact techniques (Meguro and Sayed Tagel-Din 2002) as shown in 
Figure 2.5.  
 
Reducing the thickness of mortar joint to zero will cause the reduction in wall size and 
can cause a size effect. To overcome such geometric problem, the size of each masonry 
unit is increased by half of thickness of the mortar joint. 
Conventional as well as high bond strength masonry specimens fail through the unit-
mortar interaction or mortar body or their combination as shown in Figure 2.6, hence, 
(a): with unit-mortar interaction (b): with perfect bond 
Figure 2.4: Detailed material level modelling 
(a): masonry contents (b): simplified micro model 
Figure 2.5: Simplified masonry material level modelling 
Mortar 
Unit-mortar 
interaction 
Masonry unit 
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either detailed or simplified material level modelling approaches can be used. In this 
thesis the simplified approach is adopted. 
 
2.5. Modelling of masonry constituents 
2.5.1. Modelling of Masonry Units 
In case of unreinforced masonry shear walls, the crushing of masonry at toe of wall 
plays an important role in defining the ultimate in-plane shear capacity of the wall, 
(Shing et al. 1989, Raijmakers 1992, Vermeltfoort and Raijmakers 1993, Zhuge et al. 
1998, Haider 2007, Haach et al. 2011). The role of masonry unit is more important in 
the structural response of high bond, thin layer mortared masonry because the failure is 
mostly through the block (Da Porto 2005) as shown in Figure 2.7, as compare to 
conventional masonry, where failure is generally limited to mortar joints. 
(a): Beam failure (b): Triplet failure 
Figure 2.6: Combined failure of unit-mortar interaction and mortar (Thamboo 2014) 
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Various researchers have modelled conventional masonry using simplified material 
level models by keeping the masonry units elastic or elastic with potential cracking 
through mid of the block, as shown in Figure 2.8 (Spada et al. 2009, Adam et al. 2010, 
Mahaboonpachai et al. 2010, Augenti and Parisi 2011, Haach et al. 2011, Rekik and 
Lebon 2012). Dolatshahi and Aref (2011) has considered the blocks fully rigid. 
 
Adam et al. (2010) and Haach et al. (2011) have defined the behaviour of masonry unit 
through exponential softening in tension and parabolic compression hardening, as 
shown in Figure 2.9. Mostly, researchers have considered failure through middle of 
block using zero thickness element (the same element developed for mortar joints and 
interfaces) but used higher strength values for these arbitrarily chosen failure planes 
(a): Conventional masonry and crushing at toe (Haider 2007) 
(b): Thin layer masonry wall failure 
(Da Porto 2005) 
Figure 2.7: Failure of conventional and high bond strength masonry shear walls 
(a): Masonry wall Potential cracks 
Figure 2.8: Location of potential crack in masonry 
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(SELBY 1993, Lourenço and Rots 1997, Jefferson 2003, Adam et al. 2010, Haach et al. 
2011). These ideas of pre-defining potential failure paths through blocks is considered 
not quite appropriate for high bond strength masonry as the blocks may crack/ crush 
more uniformly through their whole body – not limited to a single major crack at mid 
length of each block. Therefore, in this research, masonry units are defined with 
damage plasticity approach. 
 
2.5.2. Modelling of interface 
In masonry, interface is considered as the weakest link which controls the failure of 
masonry shear wall. The heterogeneity of masonry is mainly due to placing of mortar 
joint and the unit-mortar bond. The important mechanical property of unit-mortar 
interaction is the peak stress required for tensile separation and tangential sliding called 
tensile bond strength ( '
mtf ) and shear bond strength (
'
msf ), respectively, which are 
functions of adhesion of mortar, surface characteristics and water absorption of units. 
These bond strengths are therefore significantly affected by workmanship. In 
conventional masonry, due to 10mm thick mortar, masons are specifically employed – 
even then, variability in bond has forced many standards to use conservative values of 
0.2 MPa – 0.25 MPa (Haider 2007). In thin layer masonry, due to tool-assisted methods 
(a): Parabolic Compression behaviour 
 
(b): Exponential tensile softening behaviour 
 
cuf
cu
tu
tuf
Figure 2.9: Material modelling of concrete masonry units 
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of construction, better bonding surface is achieved (Da Porto 2005, Walliman et al. 
2008, Dhanasekar and da Porto 2009, Thamboo et al. 2012). 
2.5.3. Tension and Shear Modelling of Interface 
Tensile behaviour of masonry interface has been investigated experimentally and 
reported elastic up to peak tensile stress and then exponential softening (Pluijm 1993, 
Nazir 2010, Thamboo 2014). For conventional masonry, the tensile strength of 
homogenised interface element is usually 0.05 MPa to 0.4 MPa (Dhanasekar 1985, 
Pluijm 1993, Lawrence et al. 2005, Sarangapani et al. 2005, Pavía and Hanley 2010). 
On the other hand, for high bond strength masonry the tensile bond strength can be up 
to 1.24 MPa (Graubohm 2011). Thamboo (2014) has reported the tensile bond strength 
of thin layer masonry ranges from 0.42 MPa to 1.23 MPa for different types of surface 
roughness of the blocks and different amount of polymer content in cement mortar as 
well as different method of construction using four-point beam tests. Thamboo (2013) 
reported average bond strengths of 1 MPa through four-point beam tests using a 
polymer-cement mortar. 
For conventional masonry, the shear bond strength of homogenised interface element is 
usually 0.3 MPa to 0.55 MPa but can be as higher as 0.8 MPa without pre-compression 
(Sarangapani et al. 2005, Tomaževič 2009, Alecci et al. 2013). On the other hand, the 
experimental studies performed on high bond strength masonry shows that the shear 
bond strength of thin layer masonry ranges from 0.79 MPa to 1.29 MPa for different 
types of surface roughness of the blocks and different amount of polymer contents as 
well as different methods.  Thamboo (2013) reported average bond strengths of 1.25 
MPa through triplet shear tests using a polymer-cement mortar. 
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Lourenco (1997) used tension cut-off criteria for tension-shear regime with elastic 
behaviour up to peak tensile bond strength and exponential softening after the initial 
failure as shown in Figure 2.10 (a) and Eqs. 2.1 and 2.2.  
 1 1 1 1( , ) ( )nf k k          Eq. 2.1 
 
'
1( )
'
1
mt
ft
f
k
G
mtf e

        Eq. 2.2 
Where 1k is relative plastic displacement normal to interface and 1 is softening stress. 
 
On other hand, for shear behaviour of interface in tension-shear, the elastic behaviour is 
defined up to peak shear bond strength and then shear softening considered. 
Mathematical formulation is given in Eq. 2.3. 
 
'
2( )
'
2
ms
fs
f
k
G
msf e

        Eq. 2.3 
Where 2k is relative plastic displacement tangential to interface and 2 is softening 
stress. 
Figure 2.10: Modelling of homogenised interface element (Lourenco 1996) 
(a): Tensile behaviour (b): Shear behaviour 
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For shear behaviour under pre-compression, Mohr-Coulomb criteria was used which 
gives increase in peak shear capacity with increase in pre-compression level, as shown 
in Figure 2.10 (b). 
Spada et al. (2009) used an elliptical failure criterion for the definition of tensile and 
shear bond failure. Tensile and shear behaviour were considered elastic up to peak 
tensile and shear bond strengths. The exponential softening was defined using 
logarithmic law as shown in Figure 2.11 (a) and mathematically in Eq. 2.4 and 2.5. 
Mohr-Coulomb criteria was used for the definition of shear bond failure in 
compression-shear regime (Spada et al. 2009). The exponential softening under shear 
loading was defined using logarithmic law as given Figure 2.11 (b). 
 
 
'
1 1( )n mt p pf f          Eq. 2.4 
Where p is relative plastic displacement normal to interface and 1p is softening stress. 
 2 tan( )s nf r          Eq. 2.5 
Where r is softening stress 
Figure 2.11: Homogenised interface element modelling (Spada et al. 2009) 
(a): Tensile behaviour (b): Shear behaviour 
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Mahaboonpachai et al. (2010) has also used an elliptical failure criterion for tensile and 
shear bond failures as given in Eq. 2.6. Instead of defining the exponential softening, a 
linear softening for tensile and shear bond behaviour after initial failure was considered 
as shown in Figure 2.12 and Eq. 2.7. Under pre-compression, the increase in residual 
shear considered using Mohr-Coulomb law. 
 
 '
1 1
( )
2 2
n n s s mtf x             Eq. 2.6 
Where x is softening stress 
 ( )x x k         Eq. 2.7 
Haach et al. (2011) and Dolatshahi et al. (2011) have used the formulation similar to 
Lourenco (1997) for tensile and shear bond behaviour.  
From these reviews, it is can be concluded that there are different models available for 
tensile and shear bond behaviour definition of homogenised interface of masonry which 
use elliptical failure criteria in the tension-shear zone but Mohr-Coulomb in the 
Figure 2.12: Homogenised interface modelling (Mahaboonpachai et al. 2010)  
(a): Tensile behaviour (b): Shear behaviour 
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compression-shear zone. Furthermore, the friction coefficient is provided for residual 
shear bond strength of the homogenised interface. A similar study has been performed 
by Da Porto (2005) in which high bond strength masonry was used. It was shown that 
higher shear bond strength masonry under shear-compression can also be represented 
by the Mohr-Coulomb failure criterion. 
Pluijm (1993) has reported that the shear bond energy increased with the increase in 
normal confining stresses. The internal angle of friction is usually 0.7 to 1.2 for 
conventional masonry; for high bond strength masonry, this is reported as 0.44 (Da 
Porto 2005). As friction is a function of surface characteristics, it can be seen the lower 
friction coefficient of thin layer mortared masonry is representative of the tighter 
control of the height (and hence the surface texture) imposed by the unit manufacturers; 
the consistency of the reported friction coefficients in the literature, therefore, deserves 
special noting. 
2.5.4. Compression Behaviour of Homogenised Interface 
For compressive behaviour of interface, Lourenco (1997) used a cap model to replicate 
nonlinear behaviour of mortar body under confined stresses and the ultimate failure of 
compression is considered through middle of masonry unit. Haach et al. (2011) used 
the same model for mortar failure but ultimate failure of masonry in compression was 
assumed to occur through blocks using total strain crack model with consideration of 
exponential softening for tension and parabolic hardening for compression  (Haach et 
al. 2011), as shown in Figure 2.13. 
Dolatshahi et al. (2011) also adopted the same compression cap model as given by 
Lourenco (1997) but hasn’t defined any compression failure for masonry blocks, 
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instead, masonry blocks were kept rigid and all non-linearity was associated with the 
homogenised interface only. 
 
Spada et al. (2009) and Mahaboonpachai et al. (2010) have not defined any 
compression failure for the homogenised interface or the masonry blocks and kept the 
blocks elastic. Some researchers (Wu and Hao 2008, Adam et al. 2010, Thamboo 2014) 
have accounted for the compression failure of masonry blocks and mortar without 
homogenising the mortar with its interfaces on either side.  
2.6. Stiffness and Fracture Energy of Interface  
There are different models developed to define the stiffness of the homogenised 
interface of masonry. For example, Lourenco (2004) used Young’s modulus of 
masonry unit (
uE ) and mortar ( mE ) to define the stiffness of interfaces as shown in Eqs. 
2.8 & 2.9. In high bond strength masonry, the modulus of elasticity of the mortar can be 
higher than the block in some instances. Eqs. 2.8 & 2.9 will return negative value when 
the modulus of elasticity/ shear modulus of mortar are higher than that of the masonry 
block, which will cause numerical instability.  
Figure 2.13: Homogenised interface in compression (Lourenco 1996, Haach et al. 
2011) 
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      Eq. 2.8 
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

      Eq. 2.9 
On the other hand, Spada et al. (2009) has defined the interface element stiffness as a 
ratio of the modulus of block to the thickness of mortar as given in Equation 2.10. This 
can also be problematic when the thickness of mortar joints reduces to small values. 
  un
j
E
k
t
        Eq. 2.10 
The stiffness values for interface element used by researchers are summarised in Table 
2.2. Normal stiffness ranges widely from 20 MPa/mm to 1900 MPa/mm and the 
tangential stiffness ranges from 28 to 1900 MPa/mm for masonry (Adam et al. 2010, 
Mahaboonpachai et al. 2010, Haach et al. 2011, Thamboo 2014).  
 
Table 2.2: Stiffness values 
Model/Researcher Normal stiffness, nk
(MPa/mm) 
Normal stiffness, sk
(MPa/mm) 
(Mahaboonpachai et al. 2010) 1250 935 
(Lourenço and Rots 1997) 82 36 
(Haach et al. 2011) 20 48 
(Adam et al. 2010) 1900 1900 
(Thamboo 2014) 24 30 
 
To avoid the negative value of normal and tangential stiffness a generalised formulation 
required which provides a positive value even modulus of elasticity of mortar is higher 
than the modulus of elasticity of masonry block. 
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In addition to normal and shear stiffness of the masonry joint, the fracture energies and 
friction coefficient are also important to define the non-linear and residual behaviour of 
masonry. It is important to note that the fracture energy is used to define the trend of 
the non-linear response of the homogenised interface element after the initial failure but 
the models are not based on fracture mechanics. Table 2.3 shows fracture energies used 
for conventional masonry by various researchers (based on calibration with 
experiments). 
Table 2.3: Fracture energies and friction coefficient for masonry 
Model/Researcher Mode I Energy, ftG
, N/mm 
Mode II Energy, fsG , 
N/mm 
Friction Coefficient,  
tan( ) 
(Berto et al. 2005) 0.06 0.08 0.70 
(Lourenço and Rots 
1997) 
0.012 0.058 0.73 
(Haach et al. 2011) 0.017 2.0 0.49 
(Dolatshahi and Aref 
2011) 
0.018 0.125 0.75 
(Spada et al. 2009) 0.006 0.009 0.61 
 
2.7. Bottom Most Joint of High Bond Strength Masonry 
It is well understood that the tensile, shear and compressive strengths of masonry is 
influenced by the mortar joint thickness to a large extent and reduced thickness of 
mortar joints enhance the compressive strength of masonry. Recent studies performed 
by Thamboo (2012) reported that the tensile and shear bond strength also increased 
with the reduction in thickness of high adhesive mortar joint. The joint thickness within 
the wall was controlled by choosing masonry blocks of high dimensional tolerance (Da 
Porto 2005, Walliman et al. 2008, Thamboo et al. 2013). This joint thickness control is 
not possible to exercise for the bottom most joint due to uneven surface of the floor 
beam as shown in Figure 2.14 (a).  
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This uneven surface of the floor beam cause variability to the thickness of the base 
course mortar joint at many places. This can result in a variable thickness joint, as 
shown in Figure 2.14 (b), which has a thickness more than 2mm and can reduce the 
tensile and shear bond strength (Dhanasekar and da Porto 2009, Thamboo et al. 2012, 
Thamboo et al. 2013). This variability in joint thickness, especially higher thickness, 
can reduce the bond strength. The bottom course of the mortar joint can thus be 
vulnerable with lower bond properties. 
2.8. Structural Level Modelling 
Macro-modelling approach is one in which a few masonry units, mortar joints, unit-
mortar interactions are smeared together as one material with different structural 
properties in two orthotropic directions as shown in Figure 2.15. 
(a): Uneven surface of floor/bottom beam 
(b): Variable thickness of bottom mortar joint 
Figure 2.14: Influence of surface corrugation 
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This modelling approach is very helpful for large structures due to less demand of 
computational efforts. This modelling approach has been used widely by the masonry 
researchers (Lourenco 1996, Haider 2007, Wu and Hao 2008, Pelà et al. 2011, Rekik 
and Lebon 2012). 
Orthotropic nature of masonry makes the structural level modelling more complex and 
there are different models available which have been used for unreinforced masonry 
(Lourenço and Rots 1997, Haider 2007, Wu and Hao 2008, Pelà et al. 2011). For a 
structural level model to use, a bi-axial failure surface of homogenised macro element 
is required. A few attempts were made by Yoekl (1976) to obtain a general failure 
criterion. The failure surface predicted by Yokel (1976) was not verified according to 
biaxial tests performed by Page (1981) and three elliptical cones which were 
(a): High bond strength masonry (b): Macro meshing 
(c): Units and joint in 
homogenised element 
(d): Stresses considered for 
homogenised element 
(e): Homogenised plane 
stress element 
Figure 2.15: Homogenisation of masonry element 
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represented by second-order tensor polynomial by Dhanasekar (1985) used for biaxial 
material characterisation as shown in Figure 2.16. 
 
A considerable effort was made by Lourenco (1996) who developed a structural level 
model based on plasticity approach in finite element modelling method where Hill 
Type yield criteria used for compression failure and Rankine type yield criteria for 
tension failure. 
1 2 1 2 2
1
( ( )) ( ( )) ( ( )) ( ( ))
2 2
cp t t cn t t cp t t cn t t
pn
k k k k
f
       

      
   
 
 Eq. 2.11 
 
2
tp tn
u
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

         Eq. 2.12 
Figure 2.16: Biaxial masonry behaviour (Dhanasekar et al. 1985) 
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The formulation for the above model was carried out using plane strain element 
modelling initially by Lourenco (1996), Dhanasekar and Haider (2008) reconsidered, 
modified and corrected the formulation for plane stress element and used it for 
unreinforced as well as partially reinforced hollow brick masonry shear walls. 
Due to limited data available regarding bi-axial material characterisation of high bond 
strength masonry, in this thesis the material level model was used for developing the 
essential biaxial strength parameters; these modelling are reported in Chapter 08. 
2.9. Summary  
From the literature review, the following inferences are made: 
Failure modes of conventional masonry is well understood for the effects of the aspect 
ratio (H/L), the pre-compression (
pc ) and the material properties-particularly 
compressive strength. Primary failure is due to delamination of the interfaces of mortar 
joints and cracking of mortar joints with very limited compression failure of units. A 
similar level of understanding for high bond strength masonry is lacking in the 
literature. 
Limited reports on the failure modes of high bond strength masonry (square) shear 
walls under high pre-compression exhibit failure of both the blocks and mortar joints. 
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3. Research Hypothesis and Plan 
 
3.1. Introduction 
This chapter presents research hypothesis and a detailed plan for the research consistent 
with the aim and objectives listed in Chapter 1. The aim of this research is to examine 
the modes of failure of the unreinforced, high bond strength, thin layer mortared hollow 
concrete masonry shear walls through material level and structural level numerical 
modelling methods, the results of which are validated through limited experimental 
testing. The modes of failure of the conventional unreinforced masonry walls 
(incorporating 10 mm thick, low bond strength mortar joints) are well documented in 
the literature; however, there is a paucity of literature as to how the shear walls would 
fail when their shear and tensile bond strengths are at least three times that of the 
conventional masonry bond strengths.  Research hypothesis presented wherein those  
low bond strength unreinforced masonry shear walls that fail due to diagonal principal 
tension, could well fail due to bottom course sliding when the tensile and shear bond 
strengths are increased three fold. 
3.2. Research Hypothesis 
Consider two cases of a shear wall of aspect ratio less than 1.0; i) conventional masonry 
shear wall and ii) high bond strength masonry shear wall. Let the loading and boundary 
conditions of the wall are as shown in Figure 3.1.  
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In conventional masonry shear wall, the bottom most joint was assumed to possess 
material properties of conventional masonry in which the tensile ( '
mtf ) and the shear (
'
msf ) bond strengths are relatively lower (0.25 MPa and 0.35 MPa, respectively). In high 
bond strength masonry shear wall, the bottom joint posses bond strengths three times 
higher than those of the conventional masonry wall. For the sake of simplified 
illustration of the effect of high bond strength bottom layer, consider the whole of the 
shear wall body of both the conventional and high bond strength shear walls as elastic 
with the nonlinear behaviour limited to the bottom most joint. 
When wall is subject in-plane shear displacement, the conventional masonry bottom 
joint (being low strength) will fail first and cause uplift. At this stage, the high bond 
strength masonry bottom joint remain elastic as shown in Figure 3.2. 
Bottom most 
joint 
Figure 3.1: Loading and boundary conditions 
Shear 
displacement 
Pre-compression ( ) 
Elastic 
Node A, first 
node at heel 
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Further increase in applied lateral displacement will rotate the bottom joint of the 
conventional masonry with subsequent increase of compression along the diagonal. 
Under comparable applied lateral displacement, the bottom joint of the high bond 
strength masonry will just initiate initial tensile uplift and would have rotated much 
lower than the conventional masonry bottom joint as shown in Figure 3.3; subsequently 
the high bond strength masonry bottom joint will incur larger horizontal traction 
relative to the conventional masonry bottom joint. 
 
The expected rotations of both masonry types and the diagonal stresses are shown in 
Figures 3.4 (a) and 3.4 (b), respectively, to qualitatively compare the difference 
between two types of walls.  
 
(b): High bond strength masonry (scale 1:1000) 
A 
A 
Figure 3.2: At onset of failure of conventional masonry 
(a): Conventional masonry (scale 1:1000) 
(a): Conventional masonry (scale 1:100) 
(b): High bond strength masonry (scale 1:100) 
A 
A 
Figure 3.3: At onset of failure of high bond strength masonry 
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Higher rotation of conventional wall causes increase in diagonal stresses whereas the 
lower rotation of high bond strength masonry wall will have higher horizontal 
component of the applied load and causes sliding failure as shown in Figure 3.5. 
Figure 3.4: Rotation and diagonal stress comparison 
(a): Rotation comparison 
(b): Diagonal stresses 
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Figure 3.6(a) shows the comparison of average shear tractions at the bottom joint. It can 
be seen that the resistance of high bond strength thin layer masonry was more in shear 
as comapre to conventional masonry. The sliding comparison is shown in Figure 3.6(b). 
 
(b): High bond strength masonry (1:20) (a): Conventional masonry (1:20) 
A A 
Figure 3.5: Comparison of failure pattern 
Figure 3.6: Comparison of sliding and shear resistance 
(a): Shear resistance of bottom joint before sliding 
(b): Sliding of walls 
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From all these discussion, it can be stated that the increase in tensile and shear bond 
strengths of unreinforced masonry shear walls can change the failure mode which can 
result in shear load capacity not increase in proportion to increase in tensile and shear 
bond strengths. This sliding can be prevented by increasing the pre-compression 
pressure. This statement serves as the core hypothesis of this thesis and will be referred 
to both in the numerical modelling methods and in experimental investigations. 
3.3. Research Methodology 
This hypothesis is illustrated through a shear wall whose aspect ratio is less than 1.0 as 
to why such bottom course sliding, which contradicts the common expectation based on 
the current literature, is possible in high bond strength thin layer mortared unreinforced 
hollow concrete masonry shear walls.  A detailed plan of investigation is presented with 
a view to proving or negating the hypothesis, which will realise the aim of the research 
thesis. The detailed research plan is illustrated in a flow-chart form in Figure 3.7. 
The flowchart is briefly described as follows: 
Box A in Figure 3.1 presents material level modelling methods. An interface element 
based material level model will first be formulated and applied to the analysis of shear 
walls with a prime aim of whether or not all major failure modes (flexural heel uplift – 
toe crushing, diagonal cracking and base sliding) could be predicted. If yes, 
experimental validation phase of study will be taken up.  
Due to finite tangential/shear deformation capability of the interface element, the 
sliding failure may not be well captured – thus requiring additional modelling strategy. 
In such scenario another type of material level modelling, surface contact modelling 
method will be formulated to examine its capability for predicting all failure modes. If 
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all modes can be predicted using the surface contact model, then this will be used as the 
primary material level model and the experimental validation will be commenced.   
If the surface contact model fails to predict one or more of the failure modes, then an 
attempt will be made to combine both the surface contact and the interface modelling 
methods to enable prediction of all possible failure modes. It is highly likely the 
combined model, if not one of its constituent models, will predict all failure modes. 
The results will then be validated using limited experiments. 
Box B in Figure 3.1 presents the methodology adopted for structural level model testing 
of high bond strength shear walls. A biaxial failure surface of the high bond strength 
masonry for material characterisation will be developed from the successful material 
level modelling method (as described in Box A). High bond strength masonry walls of 
a reasonable range of aspect ratio (H/L), pre-compression (
pc ) and single to three 
storey tall buildings will be numerically analysed using the structural level model and a 
database of results will be generated. This database will then be used to develop a 
generalised design equation for high bond strength unreinforced masonry shear walls. 
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Study of shear wall failure modes 
and effect of bond strength  
Development of interface element model 
Experiment on high bond strength masonry 
Material level numerical testing of masonry 
wallette to prepare biaxial failure surface 
Numerical testing of high bond strength masonry 
shear walls through structural level model 
Development of design equations for high bond 
strength masonry 
Conclusion and Remarks 
Figure 3.7: Methodology adopted to achieve aim and objectives 
No 
Diagonal and sliding 
failure predicted? 
Yes 
Development of contact model  
Diagonal and 
sliding failure 
Yes 
Failure modes 
validated? 
Yes 
No 
A 
B 
Combine contact and 
interface element model 
Diagonal and 
sliding failure 
Yes 
No 
No 
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3.4. Summary 
Based on a preliminary analysis of conventional and high bond strength masonry walls, 
it has been hypothesised that the failure of high bond strength masonry shear walls can 
be dominated by the failure of the bottom most course of mortar joint, while the 
conventional masonry would initiate the failure at the bottom course but would fail due 
to diagonal split tension/ cracking. This hypothesis was supported by 
(i) relatively larger uplift of the base course of the conventional masonry 
(ii) relatively larger diagonal principal stresses in the conventional masonry 
(iii) relatively larger horizontal stresses resistance along the bottom course of 
the high bond strength masonry shear wall 
(iv) relatively larger horizontal slip of the bottom most mortar layer of the high bond 
strength masonry shear wall. 
Due to potential for base sliding, high bond strength masonry shear walls can most 
likely exhibit the horizontal load capacity not increased proportionally with increase in 
tensile and shear bond strength. This aspect is contrary to general expectation and can 
be the case for most common vertical load levels expected in low and medium rise 
masonry structures. However, under higher pre-compression, high bond strength 
masonry shear walls could have substantial benefits. The forthcoming chapters examine 
the hypothesis in detail using several numerical modelling methods and experiments. 
This chapter has also presented the research plan which involves the development of 
material level and structural level modelling methods to study the structural response of 
high bond strength unreinforced, thin layer mortared, concrete masonry shear walls. 
Four distinct models will be developed: 
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1. A material level interface element model: 
2. A material level surface contact model: 
3. A material level combined interface and surface contact model: 
4. A structural level homogenised masonry model: 
It is expected that all these four models will provide a clear insight into the response of 
the unreinforced masonry shear walls to inplane loading. The results of the analyses of 
the conventional and high bond strength masonry walls will hopefully support the 
hypothesis; even if the hypothesis is proved null, the models will act as sound platforms 
for closer, comprehensive examination of the failure modes, ultimate loads and 
complete deformation characteristics of the unreinforced masonry shear walls. It is 
proposed to carry out limited experiments to validate the predictions of the models.  
Using these models, sensitivity analyses of multi-level shear walls can be examined and 
a large database of design information will be generated.  It is hoped that using the 
database, design expressions that will cater for all possible modes of failure will be 
formulated and compared with the existing design equations. 
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4.Material Level Model I: Interface 
Element Method 
 
 
4.1. Introduction 
This chapter presents a material level modelling method for unreinforced masonry. An 
interface element has been formulated to define the homogenised behaviour of the unit-
mortar interaction and the mortar body.  This nonlinear modelling method predicts the 
failure of unreinforced masonry, including the high adhesive polymer mortared joints in 
thin layer and conventional mortared masonry. Use of non-linear constitutive relations 
and a direct integration scheme within the implicit finite element framework are shown 
to produce stable solutions for tension, shear and compressive loadings to failure. These 
aspects identify the nonlinear behaviour of masonry joints instantaneously for each 
displacement increment instead of relying on the commonly adopted predictor-corrector 
approaches in standard finite element packages. The interface element method thus 
formulated is incorporated into ABAQUS finite element package using UMAT 
subroutine. The method is calibrated using uniaxial compression, flexural beam and 
shear triplet experimental datasets. The predicted results of shear wall analysis are 
reported. 
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4.2. Development of Interface Model 
Consider a masonry panel constructed using concrete blocks and mortar layers as in 
Figure 4.1(a) where two blocks (top and bottom, denoted by uM ) sandwiches a mortar 
layer ( mM ) of uniform thickness jt  as shown in Figure 4.1(b). 
 
(a): Thin layer mortared masonry (b): Unit-mortar assembly 
(c): Composition of masonry joint (d): Equivalent joint interface 
(e) Model of unit-mortar assembly 
Figure 4.1: Masonry joint and modelling of joint interface 
n
s
uM
uM
mM
uM
uM
mM
u mM mM
u mM mM
u mM mM
u mM mM
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The static and kinematic fields of the mortar layer ( mM ) are defined in its local 
Cartesian coordinate system ( n , s ) in which n and s are normal and tangential axis (to 
bed joints), respectively, as shown in Figure 4.1(b). 
Figure 4.1(c) shows a joint which consists of two components: i) mortar layer and ii) 
block-mortar interface. Tensile and shear failures in masonry commonly occurs through 
the joints; with thin layer mortar, it is very difficult to assess whether or not the failure 
plane cut through the body of the mortar layer or the mortar-block interface plane. Even 
in a traditional masonry employing 10mm joints, failure is usually a combination of 
mortar body cracking and delamination of unit-mortar interface. It is, therefore, 
sensible to consider both the mortar-block interface and the mortar body as one 
equivalent system for modelling purposes as shown in Figure 4.1(d). Concrete blocks 
are considered plastically damaging deformable solid. The model of the unit-joint 
assembly is shown in Figure 4.1(e). 
4.2.1. Elastic Response: 
Initially the interface behaves elastically as defined in Eq. 4.1; 
t k u         Eq. 4.1 
Where t  is stress tensor, k  is stiffness matrix and u is displacement vector (Eq. 4.2 – 
4.4) 
 
n
s
t


 
  
 
       Eq. 4.2 
0
0
n
s
k
k
k
 
  
        
 Eq. 4.3 
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n
s
u
u
u
 
  
         
Eq. 4.4 
In which 
nu is normal displacement, su is tangential displacement, nk is normal stiffness, 
sk is tangential stiffness, n is normal stress and s is shear stress; all symbols are 
referenced to a coordinate system aligned to the local direction of the interface. 
Normal stiffness ( nk ) and shear stiffness ( sk ) of the interfaces are defined as functions 
of the properties of the unit (brick or block) and the masonry instead of block and 
mortar as in (Lourenço and Rots 1997) by modifying the formulation in Pluijm (1993) 
as given in Eq. 4.5. It is because the behaviour of 2mm thick mortar is very hard to 
assess in a manner (confined by blocks) that works in real walls; simple unconfined 
50mm diameter cylindrical mortar specimen tests are not quite representative of the real 
wall scenario; 
 
( )
juu
n
u j ju uu
E E
E h t
k
E h


  
2(1 )
n
s
k
k



  Eq. 4.5 
In which uE and uh are modulus of elasticity and height of unit, respectively. juE is 
modulus of elasticity of masonry found through compression test on masonry prism, jt
is thickness of mortar joint and   is Poisson’s ratio for mortar. These properties of 
masonry and concrete blocks are required to be measured using standard tests. 
Depending on the measured values, these formulations in the literature can result in 
negative stiffness if the modulus of elasticity of mortar higher than the block as shown 
in Table 4.1. To overcome this difficulty, in this PhD research, the stiffness terms are 
re-formulated using masonry modulus as shown in Eq. 4.5. 
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It is shown in Table 4.1 that the formulation in Eq. 4.5 will always provide positive 
definite normal stiffness. 
Table 4.1: Comparison of stiffness models 
Author 
Formulation of Normal and 
Tangential Stiffness 
Assumed Data 
16700u aE MP  
4850m aE MP  
4250ju aE MP  
6500uG MPa  
1865mG MPa  
16700u aE MP  
16700m aE MP  
16700juE MPa  
6500uG MPa  
6500mG MPa  
16700u aE MP  
17500m aE MP  
17500juE MPa  
6500uG MPa  
6750mG MPa  
(Lourenço and 
Rots 1997) 
( )
u m
n
j u m
E E
k
t E E


 
(G )
u m
s
j u m
G G
k
t G


 
683 
 
262 
Infinity 
 
Infinity 
-182,656 
 
-14050.5 
Current model 
( )
juu
n
u j ju uu
E E
E h t
k
E h


 
2(1 )
n
s
k
k



 
28 
 
10.8 
1670 
 
642.3 
19,483 
 
7493 
 
Normal elastic stress can be tensile or compressive depending on the loading and 
boundary conditions. Tension and compression regimes are separated by the sign of 
normal displacements; when the normal displacement is positive, the analysis will call 
upon the shear-tension failure regime; else if negative, the analysis will call upon the 
shear-compression yield regime. 
4.2.2. Yield Surface 
Yield surface for a joint element can be divided into two regimes; i) shear-tension 
regime and ii) shear-compression regime. These yield surfaces are treated differently in 
different publications that deal with the interface under shear-tension regime; for 
example, Spada et al. (2009) have used an elliptical criterion for shear-tension, whilst 
Lourenco and Rots (1997) have used tension cut-off. Shear-compression is however 
mostly modelled using Mohr Coulomb type failure criterion. 
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In this study, an elliptical criterion is used for shear-tension regime and the Mohr 
Coulomb criterion is used for shear-compression regime as shown in Figure 4.2. 
 
Figure 4.2 shows that when the interface element is subjected to tensile and shear 
stresses simultaneously and when the tensile stress is dominant , the governing failure 
will be due to tensile stress saturation (
'
mtf ) as given in Part A of Figure 4.3. It is 
important to note that it is not tensile failure but tensile dominant tension-shear failure. 
On the other hand, when the interface is subjected to tensile and shear stresses 
simultaneously and shear stresses are dominant in comparison to tensile stresses, the 
governing failure will be due to shear bond strength (
'
msf ) as given in Part B of Figure 
4.3. It is again important to note that this is not a shear failure but shear dominant 
tension-shear failure. 
 
Figure 4.2: Initial failure activation domains 
'
mtf
'
msf
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When an interface element is subjected to compression and shear stresses 
simultaneously and the shear stress is dominant, the initial failure will be due to shear 
stress saturation (
'
msf ) as given in Part C of Figure 4.3. Due to pre-compression ( pc ), 
there will be increase in peak shear strength of the interface as defined by the Mohr-
Coulomb failure criteria. It is important to note that it is not shear failure but shear 
dominant shear-compression failure. 
When an interface element is subjected to compression and shear stresses 
simultaneously and compressive stress is dominant, the initial failure will be due to 
compression stress saturation as given in Part D of Figure 4.3.  
Part A 
Part B Part C 
Part D 
'
msf
'
mtf
 
 
  
Figure 4.3: Failure considered in yield surface 
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4.2.3. Zone 1: Shear-Tension Regime 
Under this regime, there are two possibilities of failure: i) dominant tension and ii) 
dominant shear. These two modes are separated by equivalent displacement ratios as 
given in Eq. 4.6. 
 1
n
t
no
u
u
     2
s
t
so
u
u
      Eq. 4.6 
In which 1t and 2t are equivalent displacement ratios of normal and tangential 
directions respectively. 
nou and sou are normal and tangential displacements correspond 
to tensile and shear strengths of masonry, respectively. If 1t  2t , then failure will 
occur due to dominant tensile stress; else if 1t < 2t , then failure will be due to shear 
stresses. 
a. Shear-tension regime with tension failure 
Under the shear-tension regime, when failure is mainly governed by tensile stresses (
1t > 2t ) the failure condition is defined as given in Eq. 4.7; 
  1 1 1 1
2 2( , ) ( ))(n snf p r p        Eq. 4.7 
Where 1 1( )r p is updated softening stress and is defined in Eq. 4.8 and shown in Figure 
4.4. When 1p is zero the value of 11( )r p  will be equal to
'
mtf . 
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'
1
'
1 1) e(
mt
ft
f p
G
mtp fr
 
 
 
    Eq. 4.8
 
The slope of the tension softening curve will be determined at the start through 
derivative of Eq. 4.8. 
'
1
1
' 2
1 e
mt
ft
t
f p
Gmt
f
f
G
r
h
p
 
 



      Eq. 4.9 
In which 
'
mtf is tensile strength of interface, tfG  is tensile energy, 1p  is plastic 
displacement in the normal direction and h  is the slope of softening for subsequent load 
increment. 
 
 
Figure 4.4: Plastic tensile behaviour ( N/mm
2
, N-mm/mm
2
) 
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b. Shear-tension regime with shear failure 
In the shear-tension regime, when failure is dominated by shear stresses ( 1t < 2t ) the 
failure condition is defined as in Eq. 4.10. 
  2 2 2 2
2 2( , ) ( ))(n ssf p r p        Eq. 4.10 
Where 2 2( )r p is updated softening stress and given in Eq. 4.11; 
 
2
'
'
2 2 e( )
ms
fs
pf
m
G
sr p f
 
 
 
     Eq. 4.11 
When 2p is zero the value of 22 ( )r p  will be equal to
'
msf . The slope of shear softening 
curve will be initially determined by taking the derivative of Eq. (4.11). 
2
2
2
2
e
o
fs
s
c p
Go
f
c
G
r
h
p
 
 



      Eq. 4.12 
In which '
msf is shear strength of interface, sfG  is shear energy, 2p  is plastic 
displacement in shear and h  is slope of softening curve for next load increment. To 
avoid any stress jump, the value of '
msf is smoothly reduced to make equal to 
'
mtf  at 
transition from '
mtf  to 
'
msf . 
4.2.4. Zone 2: Shear-Compression Regime 
Under the shear-compression regime, there are two possible modes of failure: i) 
dominant shear failure and ii) dominant compression failure. Occurrence of these two 
modes is checked by using the equivalent displacement ratios as given in Eq. 4.13. 
1
n
c
no
u
u
     2
s
c
so
u
u
      Eq. 4.13  
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In which 1c and 2c are ratios of equivalent normal and tangential displacements 
respectively. 
nou and sou are normal and tangential displacements correspond to 
compression and shear strengths of masonry, respectively. If 1c  2c then the failure 
will occur due to shear stress; else if 1c > 2c , then the failure will occur due to the 
dominant compressive stresses. 
a. Shear-compression regime with shear failure 
Under shear-compression regime, when shear stresses dominate ( 1c < 2c ) the failure 
condition is defined as given in Eq. (4.14), similar to one used by Lourenco (1997). 
 2 2 2 2( , ) ( ) tannsf p r p          Eq. 4.14 
Plastic shear behaviour in shear-compression will be the same as given in Eqs. 4.11 – 
4.12; however, due to Mohr Coulomb failure criteria shown in Eq. 4.14, the tangential 
behaviour of interface will be as given in Figure 4.5. 
The slope of the shear softening curve is dependent on 
sf
G  as given in equation 4.11, 
so for shear under compression the modified shear energy 
sf
G will be calculated as in 
Eq. 4.15: 
  ( ) 0.13
s sf m f n
G G        Eq. 4.15 
For shear under compression, the modified energy will be used in equation 4.11 to 
calculate the post-failure shear response. 
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b. Shear-compression regime with compression failure 
In the shear-compression regime, when failure is dominated by compression ( 1c > 2c ) 
the failure condition is defined as given in Eq. 4.16. 
 3 3 3 3( , ) ( )n nf p r p         Eq. 4.16 
Plastic compression deformation under shear-compression regime is shown in Figure  
4.6 and the post-failure model definition is divided into three parts i) compression 
hardening (AB), ii) compression softening (BC), and iii) residual compression (CD). 
Compression response from O to A is governed by elastic stresses. Constitutive 
equations for all other segments are given in (4.17) - (4.22) similar to those used by 
other researchers (Lourenço and Rots 1997, Dolatshahi and Aref 2011, Haach et al. 
2011). 
Figure 4.5: Plastic tangential behaviour ( N/mm
2
, N-
mm/mm
2; tan (φ) =0.44) 
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For compression hardening (AB), 
  
2
3 3
3 3 2
2
( ) ( )o c o
np np
p p
r p f
u u
       Eq. 4.17 
  
3
2
2
3 3
2
22
( )
2
np np
c o
np np
p
u u
h f
p p
u u

 
  
  

   Eq. 4.18 
For compression softening (BC), 
2
3
3 3( ) ( )
np
c r c
nr np
p u
r p f f
u u

 
      
   Eq. 4.19 
 
3
2
2( )
( )
np
r c
nr np
p u
h f
u u

 
     
    Eq. 4.20 
Figure 4.6: Compression model 
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For residual compression (CD), 
 33 3( ) ( )exp 2
r c nr
r r e
nr np r e
f p u
r p
u u

  
 
    
            
 Eq. 4.21 
 332 exp 2
r c r c nr
nr np nr np r e
f f p u
h p
u u u u
 
 
       
                 
 Eq. 4.22 
 
The constants used from Eq. (4.17) to (4.22) are shown in Figure 4.6 and defined as a 
function of the compression strength of concrete unit blocks (
cuf ). 
4
cu
o r
f
     
2
cu
c
f
f   
10
cu
z
f
    Eq. 4.23 
c
np
n
f
u
k
   3nr npu u     Eq. 4.24 
In this model, npu and nru  are defined as the function of the strength of masonry; this is 
advantageous because it can calculate the deformation appropriately allowing for the 
type of masonry. Where constants are used (as in Dolatshahi and Aref (2011) as well as 
Lourenco and Rots (1997)), the code can easily be modified with the appropriate 
constant for each type of masonry. 
4.2.5. Derivation of Constitutive Equations 
All the failure criteria discussed above sections (Eqs. 4.7, 4.10, 4.14 and 4.16) can be 
expressed as a single generalised equation as in Eq. 4.25. 
  ( , ) ( )ef p r p       Eq. 4.25 
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The details of the parameters used in Eq. 4.25 are explained in Table 4.2 for each 
failure criteria. 
The consistency condition is written in terms of stresses and plastic displacement as in 
Eq. 4.26. 
  ( , 0)f d p dp        Eq. 4.26 
This can be expanded as in Eq. 4.27; 
  ( , ) ( , ) .
f f
f d p dp f p d dp
p
   

 
  
 
 Eq. 4.27 
At failure, ( , ) 0nf p  and substituting Eq. 4.26 in 4.27; 
  . 0
f f
d dp
p


 
 
 
     Eq. 4.28 
Table 4.2: Detail of generalised failure criteria 
Zone 
Dominant 
Stress 
Failure 
Function 
( , )f p  
Effective 
Stress 
e  
Hardening/ 
Softening 
Stress 
( )r p  
Peak 
Failure 
Stress 
y  
Shear - 
Tension 
Tension 1 1( , )nf p   
2 2( )n s   1 1( )r p  
'
mtf  
Shear – 
Tension 
Shear 2 2( , )nf p   
2 2( )n s 
 
2 2( )r p  
'
msf  
Shear – 
Compression 
Shear 2 2( , )nf p  s  2 2( )r p  
' tanms nf  
 
Shear – 
Compression 
Compression 3 3( , )nf p  n  3 3( )r p  cf  
 
According to Hooks Law, the stress in terms of incremental displacement will be; 
   ( )
e pd kdu k du du        Eq. 4.29 
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From Normality Law, the plastic displacement in incremental form will be; 
p fdu d




      Eq. 4.30 
Substituting Eq. (4.30) in (4.29); 
  ( )e
f
d kdu k du d 


  

   Eq. 4.31 
Now subtitling Eq. (4.31) in (4.28); 
  . ( ) 0
f f f
k du d dp
p

 
  
  
  
   Eq. 4.32  
For the interface element model, since the stress state is only uniaxial,  
  
pdp du d      Eq. 4.33 
Substituting Eq. (4.33) in Eq. (4.32) and simplifying it for d .  
.
.
f
kdu
d
f f f
k
p

 


  

  
     Eq. 4.34 
where 
f



 is direction of flow and 
f
p


 is slope defining post-failure behaviour. 
  
f
N




   
f
h
p



 Eq. 4.35 
4.2.6. Direct Integration Scheme: 
To simplify the model, the plastic corrections (Eq. 4.37) have been computed directly, 
rather than using the traditional predictor – corrector numerical method (e.g., Newton-
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Raphson) for each type of failure discussed. In this chapter, sensitivity to rate of 
loading is carried out to illustrate the stability of this integration scheme. 
The flow vector is shown in Eq. 4.36, further details can be found in Dunne (2004). 
  
2
n
s
N
N
N
 
  
 
       Eq. 4.36 
Rewrite Eq. 4.34 using N as in Eq. 4.37: 
.
.
N kdu
d
N k N h
 
 
      Eq. 4.37 
Based on ratios 1t , 2t , 1c and 2c the dominant stresses causing failure can be 
determined. The slope of the hardening or softening curve can then be calculated by 
taking derivative of the equation defining plastic deformation. At each step of loading, 
the flow direction N  and the slope of the softening curve ( h ) will be substituted into 
Eq. (4.37) to determine d , which will be used to calculate the normal and the 
tangential plastic displacements explicitly as in Eq. 4.38. 
2
p
nn
p
ss
Nu
d
Nu

   
   
   
      Eq. 4.38 
From these plastic displacement increments, the elastic displacement increments can be 
determined as in Eq. (4.39) and hence the stress as in Eq. 4.40: 
e p
nn n
e p
ss s
uu u
uu u
     
          
     Eq. 4.39 
0
0
p e
n n
p e
s s
k u
k u


     
           
     Eq. 4.40 
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This stress increment is used to update the stresses. The plastic stresses are updated as 
in Eq. 4.41: 
   1i ir r h d         Eq. 4.41 
The cumulative plastic displacement ( 1i ip p d   ) at each step of loading is 
determined, as shown in Eq. 4.42 and used for insuring the progressive increment of the 
plastic strain. When stress reversal occurs, the cumulative plastic displacement in the 
current step will be less than that of the cumulative plastic displacement determined in 
the previous step. This is used as an indicator for stress reversal and hence, the reversal 
of the stress saturation. Therefore Eq. 4.41 and 4.42 should be further extended to 
cyclic (loading-unloading) load analysis in this direct integration framework; however, 
only monotonically increasing load step is considered in the study. 
  1i ip p d         Eq. 4.42 
Finally, the Jacobian is determined as follows: 
0
. .
0
n n n
s s s
N k N
N k N h h
N k N
      
          
      
   Eq. 4.43 
   
0 0
: :
0 0
n n n n
s s s s
k N k N
k N k N
k N k N
        
            
        
  Eq. 4.44 
   :
.
p
k N k N
k
N k N h
 

 
     Eq. 4.45 
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Reading material parameters (e.g., , ), current stresses ( , ) , Displacement increments ( , ) 
and plastic stress saturations ( ) 
Calculating stiffness ( , ) and dependent material parameters ( , , , , , 
) 
Calculating elastic stress increments ( , ) 
No Failed? 
Check dominant failure stresses ( , , ,
) 
Calculate direction of flow ( , ) Calculate instantaneous slope of post failure curve ( ) 
Calculate plastic multiplier ( ) 
Calculate plastic displacement increment ( , ) 
Calculate elastic displacement increment ( , ) 
Calculate stresses increment ( ,
) 
Update stresses ( , ), update Jacobian (( , ), update state variables ( , ) 
Calculate total stresses ( , ) in current 
increment 
Yes 
Figure 4.7: Algorithm of subroutine 
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Now updating Jacobian matrix: 
p p
n n ns
p p
sn s s
k k k
k
k k k
  
  
  
  Eq. 4.46 
Updating stresses: 
1 1
1 1
i i i
i i i
  
  
 
 
     
           
    Eq. 4.47 
The flowchart of the algorithm is shown in Figure 4.7. The complete algorithm of the 
analytical interface model was coded in FORTRAN (Appendix A) into a user 
subroutine (UMAT) and was incorporated into the ABAQUS (ABAQUS 2014) finite 
element package, which was used as a solver. Masonry block was represented by four-
node continuum plain stress (CPS4) elements in this study. Equivalent mortar joint 
interface was represented by four-node (COH2D4) cohesive interface elements. For 
further details, refer to publications by Nazir and Dhanasekar (2014).  
 
4.3. Modelling of Concrete Masonry Units 
An isotropic non-linear behaviour of concrete masonry units was defined using damage 
plasticity model represented by Lubliner et al. (1989), Lee and Fenves (1998). An 
exponential softening behaviour was used for the tensile response of concrete masonry 
units after initial failure and parabolic hardening subsequently followed by softening 
was defined to represent the compressive behaviour, as shown in Figure 4.8. 
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Concrete masonry units were represented by continuum plane stress four nodal 2-
dimeneional element (CPS4). 
4.4. Element and Material Properties 
Material properties used to predict the failure of high bond strength masonry shear 
walls are shown in Table 4.3. 
The model requires input of 11 parameters (as given in Table 4.3) for the interface 
element: two elastic parameters uE , juE ; three failure strength limits 
'
mtf (tensile bond 
strength), 
'
msf (shear bond strength) and cuf (compressive strength of unit); two energy 
criterion for ultimate failure G
tf
(tension energy) and G
sf
 (shear energy); two 
geometric parameter uh (height of masonry unit) and jt  (thickness of mortar joint); 
Poisson’s ratio   and friction coefficient (  ). 
 
  
Figure 4.8: Stress-strain relationship and yield criteria for concrete masonry units 
Uni-axial tension 
Uni-axial compression 
Uni-axial compression 
Bi-axial compression 
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Table 4.3: Material parameters for the Interface element 
Sr. No. Symbol High Bond Strength Masonry 
Value Units Reference 
1 uE  11000 MPa (Thamboo 2014) 
2 juE  8217 MPa (Thamboo et al. 2013) 
3 
'
mtf  1.0 MPa (Thamboo et al. 2012) 
4 
'
msf  1.25 MPa (AS3700 2011, Thamboo et al. 2012) 
5 cuf  18.0 MPa Assumed 
6 G
tf
 0.12 N/mm
3
 Calibrated 
7 G
sf
 0.125 N/mm
3
 Calibrated 
8 uh  190 mm Standard 
9 jt  2.0 mm Hypothesis 
10   0.30 - Assumed 
11 μ
 
0.44 mm (Da Porto 2005) 
 
4.5. Convergence Studies 
4.5.1. Size of Load Increment 
Sensitivity of the incremental size of the applied load was studied using tension bond 
test of high bond strength masonry couplet. The couplet consisted of two concrete 
blocks sandwiching an interface. Size of the block was 390mm × 190mm and thickness 
of mortar considered was 2mm. Due to symmetry, quarter of specimen was considered 
as shown in Figure 4.9.  
Concrete masonry block was divided into 32 elements and mortar joint was divided into 
8 interface elements. Keeping mesh size constant, the static monotonic deformation 
controlled load 
t was applied in different increment sizes. With the reduction in the 
size of load increment (or increase in the number of steps), the accuracy of the analysis 
has increased. Comparison of the expected value (1.0 MPa) and the response of the 
model is given in Table 4.4 and Figure 4.9(c), which shows that if the number of load 
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increment is equal to or greater than 1000/mm, the error will be less than 2% for 
tension bond test. 
 
  
Figure 4.9: Load sensitivity analysis using tension test 
(a): Couplet considered 
(b): Part modelled  
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Table 4.4: Effect of load increment size on tension bond test 
Load Increments/mm 
 
Normal Stress 
n  (MPa) 
Percentage Difference 
(%) 
100 1.429 43.0 
1000 1.190 1.9 
2000 1.010 1.0 
5000 1.004 0.4 
 
Convergence was also studied using shear test on a triplet of high bond strength 
masonry. The triplet consisted of three elastic concrete blocks sandwiching two 
interfaces as shown in Figure 4.10(a). Size of block was 390mm × 190mm and 
thickness of mortar was 2mm. Half of the specimen was considered for modelling due 
to symmetry as shown in Figure 4.10(b). 
Full concrete masonry unit was divided into 160 elements and mortar joint is divided 
into 16 interface elements. Keeping the mesh size constant, a static monotonic 
displacement
s was applied in different increment sizes. With the reduction in the size 
of load increment, the accuracy of analysis has increased. Table 4.5 and Figure 4.10 (c) 
shows the comparison of expected value (1.25 MPa) and the response of model in terms 
of shear strength. 
 
Table 4.5: Effect of load increment size on shear bond test 
Load Increment/mm Model Response 
  (MPa) 
Percentage Difference 
(%) 
100 1.396 11.7 
1000 1.290 3.2 
2000 1.284 2.7 
5000 1.280 2.4 
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This comparison showed that if the number of increments is more or equal to 2000/mm 
the error will be less than 3%. The shear test results exhibited only a very moderate 
sensitivity to the size of load increment compared to that of the tension couplets.  For 
example, the shear triplet test exhibited an error of 11.7% for 100 steps/ mm and 
converged to an error of 2.4% for 5000 steps/mm. If load increments are 1000/ mm 
then there is error less than 4%. 
(a) 
Figure 4.10: Load sensitivity analysis using shear test 
(b) 
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From these analyses, it can be concluded that the optimum number of steps are 
1000/mm for better convergence. 
4.5.2. Mesh convergence Analysis 
The effect of mesh size was studied for a couplet and a triplet of high bond strength 
masonry. The loading and boundary conditions were kept the same as given in section 
4.4.1. 
Table 4.6 shows the comparison of expected value (1.0 MPa) and the response of 
model for different number of elements per joint length of 390 mm; it shows that in 
case of the interface element with direct integration scheme there is almost no effect of 
length of interface element with respect to peak load when performing the tensile test 
on couplet; even very few elements (just 4 over 390 mm length) can provide fairly 
accurate result (only 1.2% error). 
Table 4.6: Effect of mesh size on tension bond test 
Interface elements/ 390 mm 
Joint 
Model Response 
  (MPa) 
Percentage Difference 
(%) 
4 1.012 1.21 
16 1.010 1.00 
32 1.009 0.96 
 
The mesh convergence study of the shear test was carried out. Table 4.7 shows the 
comparison of the expected value (1.25 MPa) and the response of model for different 
number of element per joint length of 390 mm, which shows that in the case of the 
interface element with direct integration scheme the error is less than 5%. Further 
reducing the length of interface element reduces error but increases computation cost. 
Length of interface element is therefore kept equal to 25 mm (error < 3%). 
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Table 4.7: Effect of mesh size on shear bond test 
Interface elements/ 390 mm 
Joint 
Model Response 
 (MPa) 
Percentage Difference 
(%) 
4 1.296 3.72 
16 1.284 2.72 
32 1.284 2.72 
 
Tensile bond test and shear triplet tests were also performed with interface element 
mesh size from 25mm to 100mm length and loading steps 200/mm, it shows that the 
error will increase only by 3% which can reduce the analysis time. It is therefore 
concluded that the mesh size should never be more than 100mm and load increment 
steps must not be less than 200/mm. 
4.6. Calibration: 
The interface element was calibrated using a set of compression, flexural tension and 
shear experimental datasets from high bond strength masonry prisms, beams and 
triplets respectively under monotonic deformation controlled loading performed by 
Thamboo et al. (2013). 
Based on these experimental results, some selected parameters were calibrated for best 
matching of experimental results with numerical output. 
4.6.1. Compression Test 
Each concrete block was 390mm long and 190mm high. The thickness of mortar joint 
was 2mm.  
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Therefore the size of four-high stack bonded prism for high bond strength masonry was 
390mm × 368mm, as shown in Figure 4.11(a). 
(a); Stack bonded prism 
(b) Modelling of quarter of 
specimen due to symmetry 
(c) Deformed specimen in compression 
(d) Stress-displacement curve 
Figure 4.11: Calibration through compression test 
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Due to symmetry, quarter of the prism was modelled for numerical testing. Loading and 
boundary conditions used are shown in Figure 4.11(b). Deformation controlled loading,
c , was monotonically increased. Each quarter of block was divided into 16 elements 
and 195mm mortar joint was divided into 8 interface elements. As given in Figure 
4.11(d), the numerical output overlaps the experimental stress-displacement curve. 
4.6.2. Flexural Beam Test 
Each concrete block was 390mm long and 190mm high and 90mm thick. The thickness 
of mortar joint was 2mm. Therefore the size of 7-high masonry beam was 1346mm 
long × 390mm high × 90mm thick, as shown in Figure 4.12(a). Out of plane thickness 
of mortar joint was equal to 60mm. The experimental failure mechanism is given in 
Figure 4.12(b) 
Due to symmetry, half of the beam was modelled for numerical testing. Loading and 
boundary conditions used are shown in Figure 4.12(c). Deformation controlled loading,
f , was monotonically increased. Each half block was divided into 32 elements and 
390mm mortar joint was divided into 16 interface elements. 
The softening behaviour of high bond strength masonry in tension is mainly a function 
of tension energy 
tf
G and hence different values of tension energy were used to 
calibrate the model and the results compared with the experimental curve; the most 
optimum one is reported in Table 4.3. As given in Figure 4.12(d), the failure 
mechanism produced by the model is same as reported by experimental observations. 
Furthermore, the numerical output in terms of stress-displacement curve overlaps the 
experimental curve as shown in Figure 4.12(e). It can be seen that the comparison is 
good. 
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4.6.3. Triplet Test 
Each concrete block was 390mm long, 190mm high and 90mm thick. The thickness of 
mortar joint was 2mm. Therefore the size of triplet was then 390mm high × 270mm 
wide × 90mm thick, as shown in Figure 4.13(a). 
(c): Part modelled 
(d): Failure predicted 
(e): Load-displacement curve 
(a): Beam tested 
(b): Beam failure 
 
f
Figure 4.12: Calibration through flexural beam tests 
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Due to symmetry, half of the prism was modelled for numerical testing. Loading and 
boundary conditions used are shown in Figure 4.13(c). Deformation controlled loading,
s , was monotonically increased. Each half block was divided into 32 elements and 
390mm mortar joint was divided into 16 interface elements. 
(a): Triplet test setup 
(b): Triplet failure 
(c): Part modelled 
(e): Comparison of experimental and numerical results 
Figure 4.13: Calibration of model through shear triplet 
(d): Deformed shape 
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The softening behaviour of high bond strength masonry in shear is mainly a function of 
shear energy 
sf
G and  . Different values of shear energy and friction coefficient were 
used to calibrate the model; the most optimum one is reported in Table 4.3. As given in 
Figure 4.13(d), the failure mechanism produced by the model is same as reported by 
experimental observations. Furthermore, the numerical output in terms stress-
displacement curve overlaps experimental curve as shown in Figure 4.13(e). 
4.7. Crack Visualization 
ABAQUS/ CAE could not display cracks in continuum elements; logarithmic strain 
plots are usually considered as cracks. To explicitly visualise cracks in continuum 
elements (CPS4 and COH2D4), an algorithm was developed and programmed in 
MATLAB. This program uses the nodal displacement of mesh and the elemental strains 
to schematically display the failure through the masonry units as well as mortar joints. 
Assume a material body modelled using continuum finite element approach as shown 
in Figure 4.14(a), which is analysed under tensile load. There are two elastic blocks 
sandwiching a 10 mm layer of deformable mortar layer. The deformed shape of the 
material body is shown in Figure 4.14(b) which failed due to tensile stress exceedance 
in the mortar body. The deformed shape in Figure 4.14(b) displays no crack in the 
plastically deformed elements (element numbers 6 to 10). To visualise the cracks, a 
MATLAB
®
 code utilising the nodal displacements and elemental strains was 
developed. In this model, the element numbers ( ie ) and their corresponding node 
numbers ( ,i jN ) are used from the mesh of the model; ie is the 
thi  element and ,i jN  is 
thj  node number of thi  element. There can be m nodes of any element; therefore, 
number of nodes per element is 1j  to m. 
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Once the element number and its corresponding nodes are known, the nodal coordinates 
(
n,t
,i jN ) are read, where 
n,t
,i jN  is the normal ( n ) and tangential ( t ) coordinated of 
thj  node 
250mm 
50mm 
Figure 4.14: Crack visualisation in continuum mechanics 
(a): Undeformed shape (b): Deformed shape 
(c): Element considered 
(d): Cracked shape 
n
t
Original position of mortar layer 
Coordinates (95, 0) 
Coordinates (105, 0) 
 Coordinates (95, 100) 
 Coordinates (105, 100) 
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of thi  element. The shape of each element ( ieS ) is defined by the nodal coordinates (
n,t
,i jN ) of all four nodes forming that element as shown in Eq. 4.48. 
 
n,t n,t n,t n,t
,1 ,2 ,3 ,4( , , , )
i
e i i i iS f N N N N      Eq. 4.48 
For element number 6, the equation 4.48 will be; 
6 95,0 95,50 105,0 105,50
6,7 6,8 6,13 6,14( , , , )eS f N N N N  
Similarly, each element will get its shape and position according to its corresponding 
nodal coordinates. 
From the deformed shape of element number 6, as shown in Figure 4.14(b), it can be 
seen that the elements are not only deformed but also displaced. For example, Element 
number 6 is elongated due tensile load which is deformation and it is also moved away 
from its original position which is denoted by redline; therefore, nodal displacements in 
the normal ( n ) and the tangential ( t ) directions found after applying the load, were 
used to reposition the deformed element; this repositioning is given in Eq. 4.50 for 
element number 6. 
 n n n   t t t       Eq. 4.49 
 
6 95 ,0 95 ,50 105 ,0 105 ,50
6,7 6,8 6,13 6,14( , , , )
n t n t n t n t
eS f N N N N
         Eq. 4.50 
The MATLAB program checks the deformation of each element. If the strain in an 
element is less than the failure strain then the reshaping of element is ignored. If the 
elemental strains ( , ,tt nn tn   ) are larger than failure strains, the shape of this element 
will be the reduced to the original shape but at displaced position. Changing the shape 
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of elongate element back to original shape will create a gap which will be visible as 
crack as shown in Figure 4.14(d). 
95 ,50 105 ,0 105 ,506 95 ,0
6,7 6,8 6,13 6,14( , , , )
nn tt nn tt nn ttn t n t n tn t
eS f N N N N
                    Eq. 4.51 
When the program is applied to a shear wall, the cracked shape was found as shown in 
Figure 4.15. Complete MATLAB program is given in Appendix B. 
 
4.8. Application of Interface element model to shear walls 
This section presents application of the interface element modelling method formulated 
in this chapter for the analysis of shear walls – in particular to examine whether or not 
the method could effectively capture all possible modes of failure.  
For this purpose, two shear wall cases were analysed; 
Case I: Wall subjected to pre-compression ( pc ) equal to 2.0 MPa. 
Case II: Wall subjected to pre-compression pressure equal to 0.5 MPa. 
All concrete masonry units were modelled using the damage plasticity approach 
described in Section 4.2 without any regard for their location. All mortar joints 
(a): Deformed wall (b): Crack visualisation 
Figure 4.15: Crack visualisation shear walls 
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including the bottom mortar joint were defined using interface element model presented 
in this chapter. 
4.8.1. Meshing, Boundary and Loading Conditions 
The wall consider for these analyses was 2264 mm long and 1356 mm high. It 
consisted of 17 masonry courses in which top two courses were considered reinforced 
fully grouted masonry to act as bond beam as shown in Figure 4.16.  
 
Each concrete masonry unit was 185mm long90mm high which was divided into 2 
1 elements. The length of the longest interface element was equal to 92.5mm. 
The bottom of floor beam was fully restrained (fixed). At the top beam of wall, 
uniformly distributed vertical pressure load was applied in the first step in 10 equal 
increments for Case I and Case II, respectively. In the final step, the displacement 
controlled in-plane horizontal deformation applied monotonically with each increment 
equal to 0.005 mm. 
Concrete beam 
Concrete masonry unit 
Mortar joint 
Base contact joint 
Figure 4.16: Loading and boundary conditions 
Pre-compression 
pressure 
Shear 
dispacement 
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4.8.2. Result  
The results of the analyses of masonry shear wall are presented in this section; load-
displacement curves and the mode of failure presented. 
a. Case I: Under high pre-compression ( '0.15pc mf  ) 
In this case, initially a tensile uplift was observed at the heel and dominant diagonal 
failure was witnessed as shown in Figure 4.17. The peak failure load was 138.2 KN and 
analysis stoped at 130.7KN. The failure was observed through the mortar joints as well 
as through masonry units. 
 
 
Figure 4.17: Failure under high pre-compression ( = 2 MPa)  
(a): Wall failed due to tensile uplift and diagonal failure 
(b): Crack visualisation 
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Case II: Under low pre-compression (
'0.15pc mf  ) 
In Case II, the failure was mainly due to tensile uplift at heel and crushing at toe. The 
peak in-plane shear capacity observed was 106.KN and there was very small 
displacement observed along the bottom joint. The results of testing are presented in 
Figure 4.18 and 4.19. 
 
Figure 4.18: Failure under low pre-compression ( =0.5 MPa)  
(a): Wall failed due to tensile uplift and toe crushing 
(b): Crack visualisation 
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Based on hypothesis discussed in chapter 03, it was expected that the high bond 
strength masonry with lower level of pre-compression (0.5 MPa) would fail through 
sliding of along the bottom joint and under higher pre-compression, the failure can be 
diagonal. On the other hand, it is observed in this analysis that the interface element 
model alone is able to predict the diagonal failure successfully but not the sliding 
failure due to limited tangential deformation capability of element. As shown in Figure 
4.20, the interface elements predicted only 1.1 mm horizontal displacement at bottom 
joint when the applied displacement was 6.12 mm – which effectively show no 
significant sliding. 
Figure 4.19: Comparison of effect of low and high pre-compression 
Low pre-compression 
High pre-compression 
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To overcome this limitation of the interface element, a contact modelling method was 
developed in this thesis. It is, therefore, required to develop discontinuity (contact) 
based model for mortar joint to stably simulate sliding failure for large deformations (> 
15mm). 
4.9. Summary 
An interface element model, in the nonlinear elasto-plastic finite element framework, 
was developed for the study of high bond strength masonry. Interface element model 
was defined with elliptical failure criteria for shear-tension regime and Mohr Coulomb 
criteria for shear-compression regime. Parameters obtained from the literature were 
used to calibrate the interface element model and to study the behaviour of high bond 
strength masonry structural walls. 
Based on this investigation, following conclusions are made; 
1. Nonlinear modelling of high bond strength masonry joint can be carried out 
using interface elements whose plastic flow vectors are directly (analytically) 
Figure 4.20: Sliding at bottom joint under low pre-compression 
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integrated within the implicit finite element framework  without having to resort 
to the predictor-corrector type numerical integration schemes. The modelling 
method is shown to converge rapidly without instability. 
2. The convergence studies for mesh size and load increment size have shown that 
the largest size of element must be less than or equal to 100 mm for interface 
element and the rate of loading displacement must be less than or equal to 0.01 
mm/increment for error less than 4%. 
3. This interface element can replicate the behaviour of high bond strength 
masonry irrespective of whether the failure occurs through the mortar joints or a 
combination of mortar joints and masonry units as the masonry units are defined 
with damage plasticity. 
4. In high bond strength masonry, there can be failure through mortar joint and 
units, it is not possible to visualise the crack in continuum modelling, therefore, 
a MATLAB program developed which uses the nodal and strain data of 
analysed model to predict the crack. 
5. A 2264mm long and 1356mm high wall was numerically tested to study the 
pros and cons of interface element model in relation to sliding failure expected 
at the bottom joint. 
6. It is found that limitation of large shear strains in this continuum modelling 
approach (interface element) does not allow prediction of the sliding failure 
mode of the shear walls; therefore, a contact element modelling method is 
developed and reported in Chapter 5. 
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5. Material Level Model II: Surface 
Contact Modelling Method 
 
 
5.1. Introduction 
The interface element modelling method presented in Chapter 4 predicted the diagonal 
cracking of masonry shear walls effectively, but not the base sliding. As hypothesised 
in this thesis, the bond strength (relative to the modulus of rupture/ tensile strength of 
the units) can modify the mode of failure. Critically, higher bond strength masonry 
shear walls could fail due to base sliding whilst a comparable low bond strength 
(conventional) masonry could exhibit diagonal cracking failure. Further as the diagonal 
sliding failure generally provides higher ultimate lateral load (relative to the base 
sliding failure mode), it is important that the model has capability to simulate sliding 
failure as effectively as the diagonal cracking failure. For this purpose, a surface contact 
modelling method has been developed and is presented in this chapter. Failure of 
contact due to combined shear, tensile and compressive stresses are considered through 
a constitutive damaging contact modelling method that incorporates traction-separation 
as a function of displacement discontinuity. 
The contacting surface characteristics are defined using the homogenised behaviour of 
unit-mortar interaction and the mortar body (similar to the interface element method but 
still can be stable for large tangential deformations unlike the interface elements). This 
is because, unlike the interface elements that suffer from distortion, the contact will 
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continue to work as long as a slave surface finds a matching master surface for 
establishing contact.  
This model is used to simulate the failure of unreinforced masonry shear walls in a 
finite element framework. 
5.2. Development of Model 
Consider a unreinforced masonry wall constructed using concrete masonry blocks with 
mortar of thickness ~2mm as shown in Figure 5.1(a) where two blocks (top and bottom, 
denoted by 
uM ) sandwiching a mortar layer ( mM ) of uniform thickness jt as shown 
Figure 5.1(b). 
 
The mortar layer (
mM ) and the two blocks ( uM ) shown in Figure 5.2 interact along 
two planes that lie between each unit and the mortar layer. As the current contact model 
represents the homogenised behaviour of unit-mortar interactions and the mortar body, 
the thickness of the mortar joint can be disregarded. With the disregarding of the joint 
thickness, if due care is not taken to the geometry of the units, mortar and that of the 
wall, the wall height and length may be inadvertently reduced, thereby altering the 
Figure 5.1: High bond strength masonry wall 
(a): High bond strength masonry wall 
(b): Mortar and unit interaction 
uM
uM
 
mM
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aspect ratio of the wall which is an important parameter. To overcome this problem, the 
thickness of masonry unit is increased by half thickness of the mortar joint. 
The static and kinematic fields of the mortar layer (
mΜ ) are referred to its local 
Cartesian reference system ( ,s n ) in which s and n are tangential and normal axes, 
respectively, as shown in Figure 5.2(b). 
 
 
It is assumed that failure will occur at contact location and the surface behaviour of two 
interacting unified blocks given as 
a and b will determine the performance of the 
unreinforced masonry. Normal and tangential contact behaviour are related to the 
displacement discontinuity between the two interacting surfaces 
a and b as shown in 
Figure 5.3 and represented mathematically in Eq. 5.1 and Eq. 5.2, respectively. 
 
Master 
Surface 
Slave 
Surface 
Figure 5.2: Contact modelling concept 
(a): Location of contact 
(b): Cartesian system 
considered 
n
s
u mM mM
u mM mM
u mM mM
u mM mM
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 , ,b an n n
u u u          Eq. 5.1 
 , ,b as s s
u u u          Eq. 5.2 
nu and su are the relative displacement between two contacting surfaces in the normal 
and the lateral direction, respectively. 
In this modelling method, it is assumed that the tractions are uniform across the 
contacting surfaces as shown in Figure 5.4. 
 
Figure 5.4: Traction separation at contact 
s
n
 
Figure 5.3: Normal and tangential traction-separation concept 
, un n
, us s
a
bn
s
u mM mM
u mM mM
      
 
Material Level Model II: Surface Contact Modelling Method 87 
 
 
An elliptical failure criterion for shear-tension regime is adopted as shown in Figure 
5.5. This figure also shows the Mohr-Coulomb type failure criteria for shear-
compression which is widely used in masonry modelling (Giambanco and Di Gati 
1997, Lourenço and Rots 1997, Mahaboonpachai et al. 2010, Dolatshahi and Aref 
2011, Haach et al. 2011). The characteristic failure surface for the Mohr-Coulomb type 
failure criteria is shown in Figure 5.5 as Zone 2. 
 
Table 5.1 presents definition of contact status based on
1f and 2f . The failure surface is 
divided into two domains/zones (Fig. 5.5). Zone 1 defines failure governed by 
dominant tensile tractions, shear tractions or their combinations. Zone 2 defines failure 
governed mainly by shear traction. There is no failure considered in compression as 
contact can define a tension or shear bond strength but not compression. 
  
Figure 5.5: Initial failure activation domains 
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Table 5.1: Details of the failure domains 
Regime Zone Yield Function 
Status of 
Contact 
Failure 
Shear - Tension 1 1 20, 0f f   Failure Shear/Tension 
Shear – Compression 2 1 20,  0f f   Failure Shear 
 
5.2.1. Elastic Response 
Applied loading can create a combination of tensile, compression and shear tractions at 
the contacting surfaces of the unified blocks; initially the response will be elastic prior 
to initial failure as given in Eq. 5.3; 
 
, ,
, ,
0
0
s
n
n e n en
s e s es
uu
u
u


 
 
    
     
     
  
     Eq. 5.3 
In which; 
  
n
n
nk
u



 and   
s
s
sk
u



     Eq. 5.4 
,n eu is relative elastic normal displacement of contacting surfaces and ,s eu is relative 
elastic tangential displacement. Normal stiffness (
nk ) and tangential stiffness ( sk ) of 
the contact surface is defined as functions of the mechanical properties of the concrete 
block and mortar such that it best fit for masonry in which mortar has mechanical 
properties comparable to unit.  
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uE and mE are the modulii of elasticity of unit and masonry, respectively. uG and mG are 
the shear modulii of unit and mortar, respectively. 
uh is the height of unit and jt is the 
thickness of mortar joint. This formulation ensures the normal and tangential stiffness 
remain positive definite for a range of properties of units and mortar as given in Table 
5.2, where other models fail, for example, the expression given by Lourenco and Rots 
(1997). 
Table 5.2: Comparison of stiffness by different models 
Model Formulation of Normal 
and Tangential Stiffness 
16700u aE MP
4850m aE MP  
4250ju aE MP
6500uG MPa  
1865mG MPa  
16700u aE MP  
16700m aE MP  
16700juE MPa
6500uG MPa  
6500mG MPa  
16700u aE MP  
17500m aE MP
17500juE MPa
6500uG MPa  
6750mG MPa  
(Lourenço 
and Rots 
1997) 
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Infinity 
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-182656 
 
14050.5 
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1488 
 
 
578 
 
1670 
 
 
650 
 
1712 
 
 
652 
 
 
5.2.2. Zone 1: Shear-Tension Regime 
Under shear-tension regime, the contact failure is defined using the criterion given in 
Eq. 5.6; 
 
2 2
'1 '
 1s
m
n
ms t
f
ff
    
     
   
     Eq. 5.6 
 
1 0f    Elastic Response 
      
 
Material Level Model II: Surface Contact Modelling Method 90 
 
 
 
1 0f   Plastic Response 
'
msf and 
'
mtf are shear bond strength and tensile bond strength of unreinforced masonry 
shear walls, respectively. Once the contact surface exceeds the elastic stage (
1 0f  ), 
analysis can define (i) tensile failure (Point A), (ii) shear failure (Point B) and (iii) 
combination of tensile and shear failures (between point A and B) depending upon the 
dominant traction. These three definitions are separated by defining tolerance. 
If the dominant traction causing initial failure is tensile (
1 0, 0.8 , 0.2n t s of f c    ), 
then softening of contact defined according to Eq. 5.7 to update tractions and Eq. 5.8 
used to update stiffness. 
 
n,
1
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p n
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 
        Eq. 5.7 
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 
 
 
  


   
 
     Eq. 5.8 
f is normal traction at which initial failure occurred. Under pure tensile failure f will 
be equal to
tf . Behaviour of contact under tensile normal load is provided in Eq. 5.7 in 
which complete collapse is defined using an energy criterion. 
 
0
 
I nf n u
G d

        Eq. 5.9 
Furthermore, when failure is due to dominant tensile tractions, it is assumed that there 
is no degradation in tangential stiffness but post failure shear tractions ignored. 
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If the dominant failure traction is shear (
1 0, 0.2 , 0.8n t s of f c    ), then shear 
softening is given by Eq. 5.10. 
 
1
1    
f
i
s
s A
A
B
B
A



 

 
      Eq. 5.10 
Where 
fT
 is tangential traction at which the failure occurred and other constants are 
given Figure 5.6. For shear behaviour many researchers has used exponential law for 
the shear modelling. From experimental investigation of masonry behaviour in shear, it 
is found that there is slight strain hardening before shear softening. In this study a 
power law is used to define shear behaviour of unreinforced masonry. 
 
In the shear-tension regime (Zone 1), when failure is due to shear dominant tractions, 
fs
  and 
o will be equal to oc , hence, sK  is equal to secK . The complete failure of 
contact due to shear is considered based upon the consumption of shear energy; 
Figure 5.6: Hardening and softening for tangential 
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0
  
II Tf T u
G d

          Eq. 5.11 
Furthermore, when failure is due to dominant tangential tractions, it is assumed that 
there is no degradation in tensile stiffness but post-failure tensile tractions ignored. 
Where failure has occurred and both the shear and the tensile stresses are dominant (at 
point C between point A and B in Figure 5.5), then the failure is considered as 
simultaneous shear and tension failure, shown in Eq. 5.7 and 5.10. This will have 
happened when the normal and the tangential tractions are neither (
1 0, 0.8 , 0.2n t s of f c    ) nor  ( 1 0, 0.2 , 0.8n t s of f c    ).  
At this point the normal and the tangential tractions at the contact will be less than 
tf
and
oc , respectively. In Eq. 5.7 and Eq. 5.10, if f and f is replaced by tf and oc , then 
plastic traction in first iteration will be equal to 
tf and oc . This will cause a traction 
jump in model and causes ill functioning. This is why the tractions (
f ) defined as 
failure traction and plastic response is defined after that as shown in Figure 5.7. 
 
'
mtf
Figure 5.7: Failure traction in tension and corresponding softening 
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This model consider residual shear equal to 10% of maximum shear causing initial 
failure of contact interface. Analysis terminates when tensile and/ or shear failure 
energy is fully consumed. 
5.2.3. Zone 2: Shear-Compression Regime 
In the shear-compression regime, the dominant shear failure mechanism is represented 
by Mohr Coulomb type failure criterion as in Eq. 5.12 
 '2 tans m nsf f            Eq. 5.12 
In which is internal angle of friction under shear-compression loading. Under pre-
compression, the tangential shear energy is considered as a function of the pre-
compression load. 
In the shear-compression regime, both the tangential displacement and energy are 
modified as functions of normal tractions as shown in Eq. 5.13 and Eq. 5.14 
respectively. Peak shear stress is determined by the Mohr Coulomb criteria. 
Constitutive shear behaviour of the contact model is defined as given in Figure 5.6, but 
with modified shear parameters for shear behaviour under pre-compression as given 
from Eq. 5.13 to 5.15. 
o o
m
s s s nuu          Eq. 5.13 
s s
m
f f mGG G          Eq. 5.14 
  ' tano ms nf          Eq. 5.15 
The complete algorithm of the contact modelling method coded in FORTRAN into a 
user subroutine (UINTER) is provided in Appendix C. This algorithm was incorporated 
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into ABAQUS finite element package, which was used as a solver to examine the 
behaviour of the unreinforced masonry wallettes and walls. The formulation with 
several examples is published in Nazir and Dhanasekar (2013). 
5.3. Numerical Examples 
The model requires input of 15 parameters (as given in Table 5.3). These material 
parameters are obtained from work performed on similar type of masonry. 
Table 5.3: Parameters for the contact 
Sr. 
No. 
Symbol Value Units Description Source Reference 
1 uE  10.0 GPa Modulus of elasticity of masonry unit (Da Porto 2005) 
2 mE  5.6 GPa Modulus of elasticity of mortar (Da Porto 2005) 
3 uG  4.0 GPa Shear modulus of masonry unit (Pelà et al. 2011) 
4 mG  2.24 GPa Shear Modulus of mortar (Pelà et al. 2011) 
5 
'
mtf  1.0 MPa Tensile Bond Strength (Thamboo et al. 2012) 
6 ftG  0.01 N/mm
3 Tension energy Assumed 
7 
'
msf  1.25 MPa Shear bond strength (Thamboo et al. 2013) 
8 s  0.0004 mm/mm Elastic shear strain (Thamboo et al. 2013) 
9 fsG  0.07 N/mm
3 Shear energy Assumed 
10 cuf  15 MPa Compressive strength masonry unit (Da Porto 2005) 
11 c  0.013 mm/mm Compressive strain of masonry (Wu and Hao 2008) 
12 fcG  0.01 N/mm
3 Compression energy Assumed 
13 uh  190 Mm Height of masonry unit Adbri Masonry 
14 jt  2 Mm Thickness of mortar joint Hypothesis 
15   0.64  Friction coefficient (Da Porto 2005) 
 
Of the 15 parameters, four are elastic parameters , , ,u m u mE E G G : three are elastic 
strength limits 
tf (tensile bond strength), oc  (shear bond strength) and cuf (compressive 
strength of unit): two are cracking strain limits 
s (strain corresponds to elastic slip) and 
cu (strain corresponds to peak compressive stress): three are energy criterion for 
ultimate failure of contact ftG  (tension energy), fsG  (shear energy) and fcG
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(compression energy): two are geometric parameter 
uh (height of masonry unit) and jt
(thickness of mortar joint): and the final one is friction coefficient  . 
 
5.4. Verification of the procedure 
In order to verify the implementation of the contact material model, numerical 
simulations were carried out initially by establishing a single contact plane between two 
unified blocks of 20 mm20 mm of unit thickness. These models were subjected to 
different loading ratios. For this purpose, numerical testing was divided into two parts; 
i) Shear-tension loading, ii) shear-compression loading. Monotonic displacement 
control loading method was adopted in the analyses. 
5.4.1. Shear-Tension Loading 
In shear-tension loading, four cases were considered as shown in Figure 5.9; (i) Tensile 
loading only, (ii) tension under pre-shear, (iii) shear under pre-tension and (iv) shear 
loading only. The results in terms of shear and tensile tractions (case 1 to 4) are shown 
in Table 5.4. Figures 5.10(a) and 5.10(b) shows the tensile and tangential responses of 
the contact, respectively, under shear-tension loading. 
Figure 5.8: Energy consider to define ultimate collapse 
(a): Tension energy (b): shear energy 
(c): compression energy 
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Table 5.4: Peak stresses at single contact interface 
Case 
Output 
Tangential stress 
s [MPa] 
Normal stress 
n [MPa] 
1 (tension) 0.000 0.96 
2 (Shear – Tension) 0.000 0.58 
3 (Tension – Shear) 1.13 0.000 
4 (shear) 1.21 0.000 
 
Under tensile loading (case 1), the behaviour of contact remains elastic up to tensile 
bond strength (
tf ) followed by softening until the tension energy ( G tf ) is fully 
consumed. In case 2, tensile displacement applied along with pre-shear force (
sF ) at 
contact equal to 20 N. In this case, the peak tensile traction decreases as evident from 
Figure 5.10(a), due to elliptical failure criteria. Similarly in case 3, when shear is 
applied with pre-tensile force of 10 N the peak shear tractions have reduced as shown in 
Figure 5.10(b).  
Figure 5.9: Models for procedural verification in shear-tension loading 
n n
ss
F
nF
s
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On the other hand, when shear displacement is applied, shear tractions remain elastic 
until the exceedance of the shear bond strength (
oc ) following shear softening until the 
shear energy ( G
sf
) is fully consumed, as shown for case 4 in Figure 5.10(b). 
 
5.4.2. Shear-Compression Loading 
The procedural verification of contact modelling was also carried out for shear-
compression loading (using Case 5 to 7 in Figure 5.11).  The results of these analyses 
are shown in Table 5.4 and graphical representation is given in Figure 5.11. 
 
Figure 5.11: Model for procedural verification under shear-compression loading 
0.0cnF N 30.0cnF N 60.0cnF N
s s s
(a): Tensile response under shear tensile load (b): Shear response under shear tensile load 
Figure 5.10: Contact behaviour in shear tension regime 
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In cases 5 to 7, the model was tested numerically for tangential displacement with pre-
compression force of 0.0 N, 30 N and 60 N, respectively.  
Table 5.5: Contact response under shear-compression 
Case 
Pre-compression Output 
cnF  (MPa) maxs  (N) 
sf
G  
(N/mm
3
) 
5 0 1.25 0.0112 
6 
'0.15 mf  2.21 0.1374 
7 
'0.3 mf  3.16 0.3438 
 
 
From these analyses, it can be concluded that the algorithm was properly implemented 
through the user subroutine into the ABAQUS solver. 
5.5. Validation through Shear Triplet Test 
A three block prism of size 390mm × 574mm was considered with 2mm thick mortar 
joint. Half of the thickness of mortar was considered fully bonded with the block on 
each side due to high adhesion. Unified blocks were meshed such that each block had 
200 elements. This test was performed for validation of model. 
Figure 5.12: Contact behaviour in shear compression regime 
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Figure 5.13(a) shows boundary and loading conditions of the unit – mortar assembly 
for shear triplet test.  The loading and boundary conditions used for numerical testing 
are shown in Figure 5.13(b). Response of model in terms of shear stress and tangential 
displacement is shown in Figure 5.14(c) which depicts that the contact interface 
represents elastic behaviour till shear bond strength is exceeded followed by fairly rapid 
softening and compared well with results reported by Thamboo (2014). 
 
 
 
Figure 5.13: Experimental setup and numerical boundary conditions 
(b): Boundary conditions 
(a): Experimental setup 
Figure 5.14: Validation through shear triplet test 
Thamboo (2014) 
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When the same triplet was tested with higher values of fracture energies (
ftG =1.5 
Nmm/mm
2
 and 
fsG =5.5Nmm/mm
2
) the same contact model leads to larger tangential 
deformation as shown in Figure 5.15. It means that the contact model can use where 
larger sliding or tangential deformations are expected and finite sliding limitation of 
plane stress element is not reproducing the required results. 
 
5.6. Application of Contact Model to Shear Walls 
This section presents application of the contact modelling method formulated in this 
chapter for the analysis of unreinforced masonry shear walls – in particular to examine 
whether or not the method could effectively capture all possible modes of failure. 
For this purpose, two shear wall cases were analysed; 
Case I: Modelling of bottom mortar joint (or the first course) of the shear wall with 
surface contact model and keeping remaining wall elastic. 
Figure 5.15: Larger tangential deformations 
,  
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Case II: All mortar joints modelled through the contact surface model whilst all 
concrete masonry units were modelled using the damage plasticity approach described 
in Section 4.2 without any regard for their location. 
5.6.1. Meshing, Boundary and Loading Conditions 
The wall considered for these analyses was 2264 mm long and 1356 mm high. It 
consisted of 17 masonry courses in which top two courses were considered reinforced 
fully grouted masonry to act as bond beam as shown in Figure 5.16. 
 
Each concrete masonry unit was 185mm long90mm high which was divided into 2 
1 elements. The length of the longest interface element was equal to 92.5mm. 
The bottom of floor beam was fully restrained (fixed). At the top beam of wall, 
uniformly distributed vertical pressure load equal to 0.5 ( '0.05 mf ) MPa was applied in 
the first step in 10 equal increments for both Case I and Case II. In the subsequent step, 
a displacement controlled in-plane horizontal deformation was applied monotonically 
with each increment equal to 0.005 mm. 
Concrete beam 
Concrete masonry unit 
Mortar joint 
Base contact joint 
Figure 5.16: Loading and boundary conditions 
Pre-compression stress ( ) = 0.5MPa 
Shear 
Displacement ( ) 
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Material behaviour of contact surface was defined through the parameters given in 
Table 5.3. 
5.6.2. Results 
The results of the analyses of masonry shear wall are presented in this section; load-
displacement curves and the mode of failure presented. 
b. Case I: Bottom joint with contact model 
In this case, wall deformation started with tensile uplift at heel and then sliding of the 
wall started along the bottom most joint, as shown in Figure 5.17. As the wall is 
continuously sliding after initial uplift, the deformation concentration can be found 
from the mid of the wall to toe of the wall along the bottom joint as shown in Figure 
5.17, instead of along diagonal. 
 
The load-displacement curve is shown in Figure 5.18(a) and the sliding at bottom joint 
of the wall is shown in Figure 5.18(b). In contrast to Fig. 4.20, Fig. 5.18(b) shows 
significantly larger horizontal displacement at bottom joint – which justify the contact 
modelling approach adopted in this thesis. 
Figure 5.17: Sliding failure at bottom joint 
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Up to applied displacement of 0.7H mm  and load equal to 20 KN, there was tensile 
uplift at the heel as shown in Figure 5.19(a). With increase in applied displacement, the 
uplift at heel was increased along with sliding along the bottom joint as shown in 
Figure 5.19(b). This combination of tensile uplift and shear sliding along the bottom 
Figure 5.18: Sliding failure at bottom joint 
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(a): Load-displacement curve at applied displacement location 
(b): Comparison of applied displacement and sliding at bottom joint 
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joint was found up to 4.4H mm  and 40 KN load. Further increase in applied 
displacement, the sliding was significantly increased. This sliding caused drop in load 
resisted by the wall. During the sliding, the uplift at heel was also gradually reduced 
and become zero as shown in Figure 5.19(c). Maximum deformation achieved was 
20mm. This indicates that the use of contact model is helpful in achieving the larger 
tangential sliding deformations in unreinforced masonry shear walls. 
 
c. Case II: All joints with surface contact 
Figure 5.20 is showing the wall in which all mortar joints are modelled through surface 
contact model. 
Figure 5.19: Stages of sliding failure 
(a): At 20 KN load (Scale 1:20), sliding along 
bottom joint is 0.12mm 
(b): At 40 KN load (Scale 1:20), sliding along 
bottom joint is 3.2mm 
(c): Complete failure (Scale 1:20), sliding along bottom joint is 
16.8mm 
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In this case, there was no uplift found at the bottom joint which is always expected as 
initial failure in unreinforced masonry shear walls. There was tangential and tensile 
failure found almost in every contact joint of the wall as shown in Figure 5.21. 
 
Concrete masonry unit 
Mortar joint with 
contact 
Figure 5.20: Modelling of wall with contact 
Pre-compression stress ( ) 
Shear 
Displacement ( ) 
Concrete 
beam 
Figure 5.21: Failure of wall with contacts 
(a): Complete failure (Scale 1:20) 
 
(b): Distortion of elements 
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The in-plane shear load capacity and deformation capacity of the wall was significantly 
reduced. There was divergence found after the ultimate in-plane shear capacity as 
shown in Figure 5.22. 
The reason behind this reduced load and deformation capacity is discontinuous contact 
interactions within the wall. Once the failure has occurred along the diagonal of the 
wall, the masonry unit were rotated. This rotation causes element corners penetrations 
on surface of elements as shown in Figure 5.21(b). This penetration causes the ill 
functioning or divergence after initial failure. 
 
On the other hand, when wall joints defined using zero thickness element (case I, 
chapter 04), the corner penetration or stress intensity phenomenon is not evident and 
plastic failure was achieved successfully. It can be concluded that the contact model 
can be used for bottom mortar joint where the tensile uplift and tangential sliding is 
more significant but when rotation of elements expected it has instability. 
Figure 5.22: Load-displacement response for a wall with contact joints 
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5.7. Summary 
In this chapter, the combined behaviour of mortar body and unit-mortar interaction of 
unreinforced masonry modelled through a surface contact material level model is 
presented. This material level model developed using traction-separation laws as 
function of displacement discontinuity which was considered as combination of elastic 
and plastic discontinuities. 
Contact based material level model was defined with elliptical failure criteria for shear-
tension regime and Mohr Coulomb type failure criteria for shear-compression regime. 
Initially for the formulation of the contact model, the relevant parameters were obtained 
from literature for high bond strength masonry of similar type. 
Parameters obtained from literature for high bond strength masonry to define 
mechanical properties of contact model and the model is validated through triplet shear 
test. Based on studies performed following conclusions can be made; 
1. A contact based material level model can be used to define material type 
behaviour for masonry joint which can replicate masonry joint behaviour for 
tension dominant, shear dominant, shear-tension and shear-compression were 
successfully modelled.  
2. Contact based material level model can replicate large deformation under tensile 
and shear deformation. Bottom mortar joint of shear wall modelled with surface 
contact model under low pre-compression replicates sliding failure along the 
bottom most joint for large deformations. 
3. Use of surface contact model for the mortar joints within the wall can cause 
element corner penetrations or localised stress intensity due to rotation of 
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masonry units which leads to convergence problems and failure at small load 
and deformation. 
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6. Material Level Modelling III: 
Combined Interface Element and 
Contact Modelling Method 
 
 
6.1. Introduction 
From the results provided in Chapters 4 and 5, it has become clear that for effective 
simulation of all possible modes of failures of unreinforced masonry shear walls, 
neither the interface modelling method nor the surface contact modelling method on 
their own will suffice. Therefore, a combined interface-surface contact modelling 
approach is provided to check whether or not such a combined model would replicate 
all possible modes of failure of the unreinforced masonry shear walls. The impetus for 
this approach has emerged from the fact that the interface element and surface contact 
modelling methods have been formulated using the homogenised behaviour of the 
mortar body and unit-mortar interaction. 
Combination of these models are used to predict the failure modes of unreinforced 
masonry shear walls to probe the values of aspect ratio (H/L), pre-compression pressure 
( pc ) and bond strength which can cause sliding or diagonal failure. 
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6.2. Modelling Strategy 
This approach used both the interface elements and surface contacts in a single shear 
wall. The homogenised behaviour of the mortar body and the unit-mortar interaction 
was modelled through a zero thickness, cohesive two dimensional four node  
(COH2D4) interface element for all joints in the wall except the bottom most mortar 
joint. The material behaviour of interface element was defined using an UMAT 
subroutine presented in Appendix A (ABAQUS 2014). The material parameters used 
for interface element are as given in Table 6.1. 
Table 6.1: Material parameters for the Interface element 
Sr. No. Symbol High Bond Strength Masonry 
Value Units Reference 
1 uE  11000 MPa (Thamboo 2014) 
2 juE  8217 MPa (Thamboo et al. 2013) 
3 
'
mtf  1.0 MPa (Thamboo et al. 2012) 
4 
'
msf  1.25 MPa (AS3700 2011, Thamboo et al. 2012) 
5 cuf  18.0 MPa Assumed 
6 G
tf
 0.12 N/mm
3
 Calibrated 
7 G
sf
 0.125 N/mm
3
 Calibrated 
8 uh  190 mm Standard 
9 jt  2.0 mm Hypothesis 
10   0.30 - Assumed 
11 μ
 
0.44 mm (Da Porto 2005) 
 
The behaviour of concrete masonry units represented using the damage plasticity model 
in ABAQUS (2010). The compressive strength of masonry block was defined equal to (
cuf ) 18 MPa and tensile strength 2.7 MPa. 
It is possible to define any course/bed joint of masonry shear wall using surface contact. 
In hypothesis and widely known as well that the tensile uplift will start from the bottom 
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most joint of the wall. Initial tensile failure of the bottom mortar joint makes it a 
weakest link, therefore, the bottom mortar joint was defined as the contact surface as 
shown in Figure 6.1. Influence of the surface contact parameters were studied using 
five levels of contact parameters as defined in Table 6.2.  
A detailed parametric study was performed to predict the failure modes of high bond 
strength masonry shear walls. The influence of a range of tensile (for 
'
mtf  = 0.1 to 1 
MPa) and shear bond strengths (for 
'
msf = 0.25 to 1.25 MPa) of the bottom most joint to 
the failure modes of high bond strength masonry shear walls was considered in this 
study.  
Table 6.2: Cases for study 
Case '
mtf  
(MPa) 
'
msf  
(MPa) 
pc  
(MPa) 
Expected Modes of Failure 
A 0.4 1.0 - Sliding failure (bottom joint with reduced strength) 
B 0.1 0.30 
'0.05 mf  
Uplift and sliding failure (bottom joint with reduced 
strength) 
C 0.4 0.54 
'0.05 mf  
Transition between sliding and diagonal failure (bottom 
joint with reduced strength) 
D 1.0 1.25 
'0.05 mf  
Transition between sliding and diagonal failure (No 
strength reduction in bottom joint) 
E 1.0 1.25 
'0.2 mf  
Sliding prevented (No strength reduction in bottom 
joint) 
 
6.2.1. Meshing, Boundary and Loading Conditions 
Figure 6.1 shows a wall used for the prediction of possible failure modes. The 
dimensions of the wall are 2264 mm (long)1356 mm (high)90.5mm thick with face-
shell thickness of 31.5 mm. It consisted of 17 masonry courses. Top two courses were 
considered reinforced fully grouted masonry to act as bond beam. The bond beam 
dimensions are 2264 mm (long)182 mm (high)90.5 mm (thick). Concrete masonry 
unit considered for the construction of the wall was 185 mm (long)90 mm (high)  
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90.5 mm (thick). Each block was divided into 21 elements. The length of the longest 
interface element was equal to 92.5 mm. 
 
The bottom of the floor beam was restrained for both horizontal and vertical movement. 
The top surface of the bond beam was subject to a uniformly distributed pressure in 10 
equal increments as a first step. In the second step, a displacement controlled in-plane 
horizontal deformation was applied monotonically with each increment equal to 0.005 
mm. 
6.2.2. Case A: Results 
In Case A (
'
mtf =0.4 MPa, 
'
msf =1.0 MPa, pc =0), the failure was initiated with very 
small tensile uplift at heel due to absence of pre-compression pressure. Further increase 
in applied displacement caused sliding along the bottom joint. The failure of wall in this 
case is as shown in Figure 6.2. 
Concrete beam 
Concrete masonry unit 
Mortar joint 
Base contact joint 
Figure 6.1: Loading and boundary conditions of masonry shear wall 
Pre-compression stress ( ) 
Shear 
Displacement ( ) 
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The load-displacement response the wall shows the linear behaviour up to 1 KN 
corresponds to uplift at heel as shown by point A in Figure 6.3(a). Further increase in 
applied displacement causes an increase in in-plane shear load up to 2.7KN as shown 
by point B.  
 
Figure 6.2: Sliding failure at bottom joint (scale 1:20) 
Figure 6.3: Sliding failure at bottom joint 
(a): Load-displacement curve 
(b): Uplift at heel (c): Sliding 
A 
B 
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After point B, there was a very little drop in load and load was sustained due to friction 
along the joint. The tensile uplift at heel and tangential sliding at toe is given in Figure 
6.3(b) and (c). 
6.2.3. Case B: Results 
In Case B (
'
mtf =0.1 MPa, 
'
msf =0.3 MPa, 
'0.05pc mf  ), the failure initiated with the 
tensile uplift at heel. Further increase in applied displacement caused sliding along the 
bottom course as shown in Figure 6.4. Compression deformation at toe was negligible. 
 
The load-displacement response of the wall shows a linear behaviour up to 21 KN 
corresponds to uplift at heel as shown by point A in Figure 6.5. Combination of uplift 
and tangential sliding was observed until the load reached 39.6 KN at about 5mm as 
shown by Point B in Figure 6.5. Further increase in applied displacement caused 
significant tangential sliding along the bottom joint up to 17.9 mm and reduced the 
lateral load. 
Figure 6.4: Failure due to uplift and sliding (scale 1:20) 
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The uplift at heel and sliding at toe is shown in Figure 6.6 with respect to applied in-
plane displacement. It shows that the failure started with tensile uplift at heel with little 
sliding of wall. Once the tensile failure occurred and tangential sliding significantly 
increased and tensile uplift is reduced. 
 
6.2.4. Case C: Results 
In Case C (
'
mtf =0.4MPa, 
'
msf =0.54MPa, 
'0.05pc mf  ), the failure was initiated with 
tensile uplift at heel followed by sliding along the bottom joint with compression 
crushing at toe as shown in Figure 6.7. 
Figure 6.5: Load-displacement curve (Case B) 
A 
B 
Figure 6.6: Local deformations 
(a): Uplift at heel (b): Sliding at toe 
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Load-displacement response (Figure 6.8) shows that the wall behaviour was elastic up 
to 60 KN as given by point A in Figure 6.8. Further increase in applied displacement 
causes increase in shear resistance by wall up to 104.5KN due to combination of 
tangential sliding along bottom joint and crushing at toe. Total deformation achieve was 
8.9 mm at load of 94.1 KN as shown in Figure 6.8. 
 
Figure 6.7: Transition failure between sliding and diagonal failure (scale 1:20) 
Figure 6.8: Load displacement curve (Case C) 
A 
B 
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Local deformations at heel and toe are shown in Figure 6.9. It shows that the failure is 
mainly due to tensile uplift with little sliding. The extent of sliding is not that high as 
compare to Case A and B. 
 
6.2.5. Case D: Results 
In Case D (
'
mtf =1.0 MPa, 
'
msf =1.25 MPa, 
'0.05pc mf  ), the failure was initiated with 
tensile uplift at heel. Further increase in applied shear displacement, the failure 
occurred due to sliding along the bottom joint with compression crushing at toe similar 
to Case C. The load-displacement response was also very similar to Case B. There was 
just 9% increase in peak shear load capacity of the wall. Wall deformations were also 
the same as Case C but it is important to note that strength values used bottom joint 
were equal to those used for mortar joints within the wall. It can be concluded that 
higher bond strength of the wall will lead to sliding failure even when the bottom joint 
has the same strength as the other joints of the wall. 
6.2.6. Case E: Results 
In Case E (
'
mtf =1.0 MPa, 
'
msf =1.25 MPa, 
'0.2pc mf  ), the increased pre-compression 
prevent the wall sliding and failure was mainly due to diagonal cracking after initial 
Figure 6.9: Local deformations 
(a): Uplift at heel (b): Sliding at toe 
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tensile uplift at heel. The ultimate failure was due to crushing at toe as shown in Figure 
6.10. 
 
Figure 6.11 shows the load-displacement response of the wall for Case E. The wall 
behaved elastically up to 73 KN (Point A in Figure 6.11). Beyond that onset of tensile 
uplift of heal occurred. Further increase in applied displacement caused increase in 
lateral load up to 138.2 KN (point B in Figure 6.11); at this load level a combined 
diagonal cracking and crushing at toe was observed. Failure occurred at an applied 
lateral displacement of 11.8 mm (corresponding load 130.8 KN) as shown in Figure 
6.11. 
Figure 6.10: Diagonal failure ( =2.0 MPa)  
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The load-displacement curves for the five (A – E) cases studied are shown in Figure 
6.12. The highest in-plane shear capacity was observed when the failure was mainly 
due to cracking along the diagonal, equal to 138.2 KN (Case E) and the lowest capacity 
when the failure was mainly due to tangential sliding (without toe crushing) along the 
bottom joint (Case A), equal to 2.7 KN. 
 
Figure 6.11: Load-displacement curve (Case E) 
A 
B 
Figure 6.12: Comparison in-plane load response 
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It can be seen from the results of the five cases, the deformation capacity of the wall is 
large when sliding failure (Cases A and B) was encountered. When failure is a 
combination of the tensile uplift at heel, crushing at toe and limited sliding along the 
bottom most mortar joint (Cases C and D), deformation capacity was reduced due to 
localised failure (crushing at toe and tensile failure at heel). Case E exhibited a pre-
compression pressure ( pc ) preventing any base sliding (at the surface contact model) 
of the shear wall and failure occurred at the interface elements due to diagonal 
cracking. The deformation capacity of this wall (Case E) was also high. 
It can, therefore, be concluded that the unreinforced high bond strength masonry shear 
walls can fail predominantly due to sliding along the bottom joint under low pre-
compression pressure (< '0.15 mf ) irrespective of the strength of the bottom joint. An 
increase in pre-compression pressure ( '0.15 mf ) can prevent the sliding failure and will 
cause diagonal cracking. This conclusion requires experimental validation; chapter 7 
contains experimental investigation of high bond strength unreinforced masonry shear 
walls. 
6.3. Summary 
In this study, an unreinforced high bond strength thin layer mortared hollow concrete 
masonry shear wall is modelled using combination of interface elements (formulated in 
Chapter 4) for wall mortar joints, surface contact (formulated in Chapter 5) for bottom 
most mortar joint and damage plasticity model for masonry units. 
Based on studies performed following conclusions are made; 
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1. A combination of interface element, surface contact and damage plasticity 
models can replicate all possible failure modes in high bond strength masonry. 
2. Low pre-compression (
pc
'0.15 mf ) and high tensile bond strength (
'
mtf ) of 
masonry causes sliding failure along the bottom most joint irrespective of the 
strength (contact parameters) of the bottom most joint. 
3. A high pre-compression compression ( pc > 1.5MPa) is required to achieve 
dominant diagonal failure or utilise maximum strength capacity of the wall. 
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7. Experimental Validation 
 
 
7.1. Introduction 
This chapter presents experimental testing of high bond strength masonry shear walls to 
validate the predictions of their responses reported in Chapter 6. High bond strength, 
2264 mm long × 1356 mm high masonry walls were constructed using half scale 
concrete hollow blocks and polymer cement mortar with average thickness of 2mm. To 
apply the lateral loading effectively, a steel frame has been constructed. Three walls 
were tested; one with no vertical compression and two with vertical compression. 
Vertical compression load has been applied using evenly spaced four hydraulic jacks. 
All walls failed due to sliding of the bottom mortar joint as predicted by the combined 
interface element – contact surface modelling reported in Chapter 6. The input data 
used in the model have been verified by taking samples of prisms, flexural beams and 
triplets from the failed walls and tested under vertical compression, four-point bending 
and shear loadings respectively. 
7.2. Wall Constituent Materials 
High bond strength masonry shear walls were constructed with half-scale hollow 
concrete blocks and high adhesive cement mortars.  
7.2.1. Masonry Units 
A typical half-scale concrete hollow block is shown in Figure 7.1(a). Three thousand 
blocks were donated by the Canadian Masonry Design Centre (2014) and imported into 
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Australia on six plastic pallets (to comply with the strict quarantine regulations on 
timber pallets); the blocks were transported with no damage. 
The dimensions of the blocks were determined using the provisions of AS/NZS 4456.3 
(2003). Twenty blocks were randomly selected from different pallets, brush cleaned 
and stacked on floor. The average height  uh  of the concrete block was determined by 
dividing the measured height of the stack with the number of blocks (20). Same 
procedure was adopted for the measurement of length  ul and thickness  ut of the 
block. The thickness of shells was measured using Vernier callipers. The dimensions 
measured are shown in Table 7.1. The low coefficient of variation reflects stringent 
selection of the blocks including grinding to obtain matching height. 
 
  
185mm 
90.5mm 
90mm 
Figure 7.1: Masonry block used 
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Table 7.1: Typical dimensions of blocks 
 
ul (mm) uh (mm) ut (mm) ft (mm) wt (mm) 
Dimensions 185 90 90.5 15.75 12 
Coefficient 
of variation 
0.59% 0.47% 0.98% 0.34% 0.56% 
 
Compressive strength of masonry unit was tested according to AS/NZS 4456.4 (2003) 
and AS3700 (2011). All tests were performed using a MTS actuator of capacity 230 
KN. The test set-up is given in Figure 7.2(a).  
 
Figure 7.2: Testing and failure of masonry unit 
LVDT 
Timber strip 
(a): Test and displacement measuring setup 
(b): Cracking in face-shell (b): Crushing of face-shell 
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Total of six concrete blocks were tested by applying the load on face-shell only. The 
face-shell surfaces were brush cleaned properly and a 3mm thick timber sheet was 
placed on each face-shell both at top and at bottom of the block as shown in Figure 
7.2(a). Dimension of each timber sheet was 20mm190mm and the main use of it was 
to avoid point loading action (on unit surface rough peaks) and confinement induced by 
rigid steel contact. The specimen was centred to the loading actuator. The platens of the 
machine were brought closer to specimen gradually, so that it was touching the 
specimen gently.  
Once the platens touched the specimen, a monotonic displacement was applied at a rate 
of 0.02 mm/sec. Two LVDT’s were used at top and bottom batten to measure the 
displacement of the platens; by subtracting these two LVDT data, net displacement or 
compression of the block was calculated. The blocks failed due to splitting of the block 
through and crushing of face-shell as shown in Figure 7.2(b) and (c).  
The AS3700 (2011) provisions used to calculate unconfined compressive strength of 
masonry unit is given in Eq. 7.1. 
 uc a
f
P
f k
A
        Eq. 7.1  
Where 
 
ucf  = Unconfined compressive strength, MPa 
 
ak  = Aspect ratio factor = 0.7  
 P  = Peak load, N 
 fA  = Face-shell area = 185 (215.75) mm
2
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The modulus of elasticity of the block was calculated from the stress-strain curve 
shown in Figure 7.3 and the influence of timber strip is compression ignored. 
The mean unconfined compressive strength (
ucf ) of masonry unit was 17.3MPa with a 
coefficient of variation of 9.4%. The average modulus of elasticity of unit was 3400 
MPa where the coefficient of variation was 11.2%. The modulus of rupture  utf for 
similar masonry unit was tested and reported equal to 2.7MPa with coefficient of 
variation 10.9% (Janaraj 2014). 
 
7.2.2. Mortar 
Cement mortar with 4% polymer – known as polymer-cement mortar (PCM) was used 
as thin layer mortar joints. This mortar was supplied by Rockcote Australia in dry 
powder form (Rockote 2014). Dry powder form PCM was mixed with 250ml of 
water/kg. The amount of water and polymer content was selected based on preliminary 
testing performed by Thamboo (2012), who used the same mortar, to get high bond 
Figure 7.3: Typical compressive test result for masonry unit 
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strength (
'
mtf >1.0) with lower variation. There is no provision of mortar testing in 
Australian Standard (AS3700 (2011)), therefore, the PCM mortars were tested to find 
their mechanical properties using BS EN 196-1 (2005).  
Thamboo (2014) has reported an average compressive strength of mortar as 9.61 MPa 
with a coefficient of variation of 4.8%. The flexural strength of the mortar was reported 
equal to 5.66 MPa with a coefficient of variation of 3.7% (using a mortar prism of 160 
mm long, 40mm wide and 40mm thick). 
7.3. Construction of walls 
Two walls were constructed and each wall was 2264 mm (long)1356 mm (high)
90.5mm (thick). Each wall was constructed on a separate reinforced concrete beam 
footing of dimension 4200 mm (long)200 mm (high) 150 mm (thick), as shown in 
Figure 7.4, in the laboratory by a mason of average quality. Full-size blocks were cut 
into two pieces to use as end block as shown in Figure 7.4. 
 
Half cut block 
Figure 7.4: Construction of wall on concrete beam 
      
 
Experimental Validation 128 
 
 
Mortar was mixed in a plastic bucket using an electronic mixer as shown in Figure 7.5. 
Each batch of mortar was prepared such that it was enough for the construction of two 
to three courses of the wall. This process was followed to ensure maintaining the water 
to cement ratio (or, avoiding excessive evaporation) to achieve consistent bonding. 
 
To maintain the thickness of mortar joints equal to 2 mm, plastic spacers were inserted 
in each course of the masonry as shown in Figure 7.6. These spacers were removed 
after the wall was cured for 7 days. 
Figure 7.5: Mixing of mortar 
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Each wall consisted of 17 courses and each course had 12 full blocks or 11 full blocks 
with 2 half end blocks, in alternate courses. The top two courses of the masonry wall 
were constructed as reinforced grouted concrete masonry to act as top bond beam. To 
provide reinforcement in top two layers of masonry, the web-shell of second last course 
masonry blocks were cut in U shape and web-shell of last course of masonry units were 
cut in inverted U-shape (П) to accommodate steel reinforcement. To prevent falling of 
grout concrete inside wall, a wooden piece pasted at bottom of third layer last layer of 
masonry course. The whole process of providing spacer and top beam construction is 
shown in Figure 7.7. 
Figure 7.6: Spacers provided to maintain joint thickness 
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The top two courses were grouted with a concrete mix of 1:1.5:3 of cement, sand and 
aggregate – the bond beam was 2264 mm (long)182 mm (high)90.5 mm (thick). The 
aggregate size was 4.5 mm to 6 mm consistent with the usage of half scale blocks and 
hence the wall being regarded as half scale, which ensured better spreading of concrete 
grout in spaces between reinforcement and blocks. The wall was then wrapped with 
polyethylene sheet for dry curing for 7 days. Data and images of construction, 
Figure 7.7: Construction of bond beam 
(a): U-shaped cut block in second last layer (b): Wooden stoppers to hold grout concrete 
(c): Reinforcement in top course (d): Last masonry course 
(d): Wall dry curing 
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reinforcement and concrete pouring for floor beam and bond beam are contained in 
Appendix D. 
7.4. Test Setup 
A stiff steel reaction frame shown in Figure 7.8 was designed and constructed to 
accommodate the horizontal force with negligible lateral deflection. The testing rig 
consisted of a reaction column (1000 WB 322), a bracing prop (350 WC 197) and two 
lateral tube section bracings (100  100  5). The steel frame was designed using a 
serviceability deflection limit of the loading point not exceeding 0.1 mm under a 
horizontal load of 200KN. The complete analysis and design of the testing rig is given 
in Appendix D. 
 
To provide a pre-compression of 0.5 MPa on top of wall, four load control actuators 
were used, each of capacity 50 KN. For uniform distribution of pre-compression load, a 
1000 WB 322 
350 WC 197 
Reaction beam for pre-compression 
Loading 
actuators for 
pre-compression 
Pre-compression 
distribution beam Stiffeners 
Figure 7.8: Test Setup 
Ram support 
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375 mm deep distribution beam was positioned on top of the wall as shown in Figure 
7.9. 
 
The actuator was attached to a reaction beam as shown in Figure 7.10. Walls were 
tested with displacement control loading actuator of capacity 230KN. 
 
Figure 7.9: Pre-compression on wall 
Fibre straps 
Connection with strong floor 
Actuator support Side bracing 
Support Prop Loading actuators 
Figure 7.10: Loading actuator for in-plane shear 
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7.4.1. Data Acquisition 
There is a built-in load-cell and LVDT within the actuator. The built-in LVDT measure 
the displacement applied to wall at the loading point whereas the load cell measure 
reaction or shear load resisted by the wall. This load and displacement were recorded as 
a text file. 
7.4.2. Instrumentation 
To monitor accidental out-of-plane action due to potential eccentricity in loading with 
reference to the thickness of the wall, two LVDTs were attached, one on each side of 
the face-shells of the bond beam. Furthermore, 3 mm thick timber strips were provided 
for uniform distribution of load applied to the bond beam as shown in Figure 7.11. 
 
Measurements were taken on both faces of the wall, (namely face A and face B). To 
monitor any local crushing at loading corner, an LVDT was attached. As discussed in 
the literature review, the failure can initiate due to uplift at heel and crushing at toe, 
therefore, to measure vertical displacement at those locations, vertical LVDTs of 100 
mm range were attached. These arrangements are shown in Figure 7.12. 
Figure 7.11: Data acquisition from loading point 
LVDT 
Timber strip for 
load application 
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On Face B, three string pots were attached to measure the state of strain at the centre of 
the wall as shown in Figure 7.13. These string pots were attached at an angle of 120
o
 
from each other. Each string pot was placed with a gauge length of 950 mm. Two 
LVDTs of gauge length 100 mm were attached at toe and heel of to measure 
compression and uplift, respectively, with respect to floor beam. 
 
LVDT for tension uplift 
LVDT for compression 
crushing 
LVDT for corner crushing 
Figure 7.12: Local measurements on Face A 
Figure 7.13: Local measurements on Face B 
LVDT 
for heel 
uplift 
LVDT for 
toe 
crushing 
String Pots 
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All LVDTs were connected to a data acquisition system and data was obtained through 
UDAQ system in terms of text files. 
7.5. Testing Results 
Three walls were tested to probe in-plane shear capacity of high bond strength masonry 
walls. Each wall was 2264 mm long and 1356 mm high. First wall (Wall 1) was 
initially tested without pre-compression ( pc ). Same wall (Wall 1) was retested after 
repair of bottom joint under pre-compression ( pc ) of 0.5 MPa. Second wall (Wall 2) 
was tested under pre-compression ( pc ) of 0.5 MPa. 
7.5.1. Wall 1: Wall without Pre-compression 
The first wall was tested without pre-compression. The in-plane shear load was applied 
using the horizontal actuator under displacement control; the actuator was positioned in 
line with the centreline of the bond beam. A monotonically increasing displacement of 
0.02 mm/sec was applied. 
The applied displacement increased the load reacted by the wall. Up to a displacement 
of 0.17 mm there was no cracking observed anywhere in the wall. At a displacement of 
0.17 mm (corresponding load of 2.8 KN), tensile uplift occurred at the heel of the wall 
as shown in Figure 7.14. 
With the increase in applied displacement, tensile uplift along with shear sliding at the 
bottom joint occurred until the horizontal displacement attained 2 mm (corresponding 
load of 2.6 KN). Further increase in applied displacement caused frictional lock due to 
beam unevenness and a gain in load, the test was terminated due to stability concern. 
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Load-displacement curve observed in the experiment is shown in Figure 7.15. 
 
Figure 7.16 shows the local deformation measured in the wall at different locations of 
the wall. 
Figure 7.14: Failure of Wall 1 without pre-compression 
Figure 7.15: Load-displacement curve 
Bond behaviour 
Sliding 
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It can be seen that the wall failed at a very low in-plane shear load due to sliding at the 
bottom joint in the absence of pre-compression. It was also observed that the second 
masonry course from the bottom also failed partially during the test. A combination of 
low bond strength at bottom course (due to rougher surface/ variable joint thickness and 
potentially shrinkage affected), low pre-compression and higher bond strength 
elsewhere in the body of the wall were considered as the reason for the sliding. This 
reasoning is consistent with the prediction reported in Chapter 6 and the hypothesis 
stated in Chapter 03.  
Furthermore, the peak load was observed at an applied displacement of 0.17 mm and 
the uplift at heel was 0.2 mm. The crushing at toe at the applied displacement of 0.17 
mm was negligible. 
Figure 7.16: Local deformations (Wall 1) 
(a): Response at loading point 
(b): Response at heel (c): Response at toe 
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As the wall body was undamaged (with the failure limited to the bottom course and the 
second course near the heel), it was decided to re-test the wall after repairing the 
bottom course with high strength grout injection. The repaired wall was planned to be 
tested under a vertical compression of 0.5 MPa.  Details of repair are given in Appendix 
D. 
7.5.2. Wall 1A: Repaired Wall with Pre-compression 
 A 0.5 MPa vertical compression ( pc ) was first applied at the top surface of the wall 
using evenly spaced four actuators. The pre-compression load was applied slowly in 10 
equal increments. During the application of pre-compression, the LVDTs were read and 
the wall surfaces were visually examined for any damage. Monotonically increasing 
horizontal displacement (
H ) was then applied at the left end of the bond beam with a 
loading rate equal to 0.02 mm/sec. The test setup is shown in Figure 7.17. 
 
With the increase in lateral displacement, the reaction of the wall (
HP ) increased. Up to 
the applied displacement (
H ) of 1.8 mm, there was no cracking/ sliding observed 
Figure 7.17: Experiments in progress (Wall 1A) 
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anywhere in the wall. When 1.8H mm  , which was corresponded to a load of 32 KN, 
initial tensile uplift was observed at the heel of the wall in the second course from 
bottom as shown in Figure 7.18.  
 
The tensile uplift increased with the increase in 3.5H mm   (corresponding load 41.7 
KN), beyond which the wall commenced sliding along the second last course as shown 
in Figure 7.19. 
 
Due to friction during sliding under the influence of pre-compression, the shear stress 
increased (as evidenced by the increase in horizontal load). Frictional lock was 
Figure 7.18: Initial tensile uplift at heel (Wall 1A) 
Figure 7.19: Shear wall sliding (Wall 1A) 
Shear Displacement 
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observed at toe of the wall which restricted the sliding and caused a compression failure 
of the bottom most courses as shown in Figure 7.20(b). The testing was stopped at that 
stage (of compression failure of toe). It can be seen that the LVDT’s are not truly 
vertical due to extensive sliding as shown in Figure 7.20(b). The LVDT’s 
measurements are not presenting the true vertical heel uplift or toe crushing once the 
sliding started. 
 
The local deformation measured in the wall is shown in Figure 7.21. 
Figure 7.20: Crushing at toe (Wall 1A) 
(b): Toe crushing 
(c): Load-displacement curve 
Bond behaviour 
Tensile uplift and 
sliding 
Sliding only 
(b): Wall tested 
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From the results, it can be concluded that the high bond strength (  ' 1.0mtf MPa  
masonry walls  fail due to tensile uplift and sliding along the bottom joint – this 
observation validates the failure mode predicted by the  combined interface element – 
surface contact model reported in Chapter 6. From a practical perspective this would 
mean, increase in the tensile bond strength (
'
mtf ) of masonry doesn’t increase the in-
plane shear capacity in proportion to increase in bond strength as the failure mode 
changes from the generally expected diagonal cracking to base sliding. The hypothesis 
stated in Chapter 03, can thus be regarded proved true. Later, it will be shown that if the 
pre-compression ( pc ) is increased beyond
'0.15 mf , the wall will regain diagonal 
tension failure mode with the corresponding increase in the shear capacity. In other 
words, high bond strength unreinforced masonry shear walls are more sensitive to pre-
compression compared to the conventional masonry. Sensitivity to vertical compression 
Figure 7.21: Local deformations of wall (wall 1A) 
(a): Response at loading point 
(b): Response at heel (c): Response at toe 
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is reported in Chapter 06. It can be stated that the high bond strength unreinforced 
masonry is better suited for applications where the compression is high, for example 
lower stories of multi storied load bearing masonry buildings and/ or pre-stressed 
masonry walls where the compression can be increased up to '0.45 mf . 
7.5.3. Wall 2 
This wall was tested exactly similar to Wall 1A reported in Section 7.4.2. Vertical 
compression of 0.5 MPa was applied first and the horizontal displacement was applied 
at the left end along the centreline of the bond beam at a loading rate of 0.02 mm/sec. 
Wall 2 behaved similar to Wall 1A. Up to an applied displacement 3.0H mm   there was 
no cracking anywhere in wall. Beyond the applied displacement of 3 mm 
(corresponding load (
HP ) of 32.2KN), the heel uplift occurred in the bottom course as 
shown in Figure 7.22. 
 
The tensile uplift increased up to 6.0H mm   or, 40HP kN . Beyond that, the wall 
commenced sliding along the bottom course with no distress to the body of the wall. 
The sliding failure is shown in Fig. 7.23. 
Figure 7.22: Initial tensile uplift at heel (Wall 2) 
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Due to friction under pre-compression ( pc ), there was shear interlocking occurred and 
cause a virtual increase in shear resistance as shown in Figure 7.24. 
 
The local deformations measured in wall are shown in Figure 7.25. 
Figure 7.23: Shear wall sliding (Wall 2) 
Shear Displacement 
Figure 7.24: Load-displacement curve (Wall 2) 
Bond behaviour 
Tensile 
uplift and 
sliding 
Sliding only 
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7.6. Validation 
7.6.1. Wall 1 Validation 
For wall 1 (without pre-compression), the part of load-displacement curve after initial 
failure is due to shear interlocking mechanism while sliding. By ignoring the part of 
experimental load-displacement curve, the validation for initial failure is given as 
shown in Figure 7.26. Wall 1 represents the response corresponds to Case A given in 
chapter 06. 
 
 
Figure 7.25: Local deformations of wall (Wall 2) 
(a): Response at loading point 
(b): Response at heel (c): Response at toe 
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The tensile uplift at heel up to initial failure is validated. Tensile uplift at heel and load 
increase after initial failure is due to uneven surface (geometry) of the floor beam 
which cannot be considered in material modelling, hence, ignored. Furthermore, the 
compression displacement at toe is due to surface unevenness while sliding and not 
representing compression crushing at toe. 
 
Figure 7.26: Validation of Wall 1 
(a): Validation of load displacement curve 
(b): Validation of tensile uplift 
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7.6.2. Wall 1A and Wall 2 
It was also observed that under pre-compression, the wall results in terms of load-
displacement curve and failure modes are very consistent. Up to applied displacement 
of 9.0H mm  , the failure was due to tensile uplift and shear sliding along bottom joint. 
Further sliding causes shear interlock and increase in load resistance by the wall. 
Compression crushing is not consistence in both walls. Validation is carried out for 
load-displacement curve and tensile uplift up to 9.0H mm  . 
Figure 7.27 is showing the comparison of the experimental results (Wall 1A and Wall 
2) and numerical predictions (Case B, chapter 06). 
 
Figure 7.27: Validation of Wall 1A and Wall 2 
(a): Load-displacement response at loading point 
(b): Response at heel 
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The experimental results have good agreement with Case B. This means the higher 
tensile bond strength (
'
mtf ) of masonry wall causes sliding failure and in-plane shear 
does not increase in proportion to increase in tensile bond strength. The reduced 
strength of bottom most joint as compare to other wall joints also accelerates the sliding 
failure. 
7.7. Material Testing 
The material properties used for prediction of failure modes were taken from the 
literature. It is necessary to verify the material properties used. For this purpose, it was 
decided to slice the wall body (which remained undamaged and suitable for lifting as 
shown in Fig. 7.28) suitable for testing under compression, shear and flexural tension. 
 
Both walls (1 and 2) were sent to a factory for cutting purposes. Walls were cut by 
stone cutting professionals. The top two courses of each wall were reinforced concrete 
masonry and the last course was damaged due to shear sliding failure. One more course 
Figure 7.28: Lifting of wall 
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from bottom was also damaged when holes were made to uplift the wall to transport it 
to factory, so top three and bottom two courses were wasted from each wall. 
First wall was used to prepare beam specimens for flexural testing as shown in Figure 
7.29. This wall was cut into eight equal beams of dimension 1100 mm (long)280 mm 
(high)90.5 mm (thick) with face-shell thickness equal to 31.5 mm. Each beam had 12 
courses of blocks along length and 1.5 blocks along height. 
 
Second wall was used to prepare triplets for shear strength testing and prisms for 
compression testing as shown in Figure 7.30.  
Figure 7.29: Cutting of wall for beam test specimen 
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Second wall was cut such that it produced six triplets and six compression specimens.  
Each triplet was 280 mm (high)  276mm (wide)  90.5mm (thick) with face-shell 
thickness equal to 31.5 mm. There were 3 masonry courses along the width and 1.5 
blocks along height in triplet.  
Each compression specimen was 540mm high and 370mm wide. There were 6 courses 
along the height and 2 blocks along width. Resulting specimen are shown in Table 7.2. 
Table 7.2: Specimen made from walls 
Specimen Specimen size No of specimen 
Beam 1100 mm × 280 mm × 90.5 mm 6 
Triplet 276 mm × 280 mm × 90.5 mm 6 
Compression 370 mm  × 540 mm × 90.5 mm 6 
 
Figure 7.30: Cutting of wall for triplet and compression test specimen 
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7.7.1. Flexural Beam Test 
To probe the tensile bond strength (
'
mtf ) of high bond strength masonry, four point 
flexural beam tests were performed as per provisions of ASTM E513 (2003). The beam 
experimental loading and boundary conditions are shown in Figure 7.31. 
 
A 6mm thick plywood strips were used at the contact point between steel rollers and 
beam. The deformation in beam was measured using LVDTs. Two LVDTs were used 
for deformation measurement. One was used vertically to measure mid beam deflection 
and other was used horizontally to measure tensile crack opening as shown in Figure 
7.32. 
A steel beam with steel roller was used to apply load at top of masonry beam as shown 
in Figure 7.32. The steel beam was clamped with loading platen of actuator. The steel 
beam was brought closer to masonry beam until gently touching the top fibres timber 
strips. Once the rollers are touching the timber strip, the actuator was left on auto mode 
with displacement control loading rate 0.005 mm/sec. 
1020mm 
340mm 
Φ40mm 
Figure 7.31: Flexural beam test loading and boundary conditions 
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Total six flexural beam specimens were tested for tensile bond strength. All specimens 
failed due crack through mortar joint as shown in Figure 7.33(a) and (b).  
 
 
Failure of each beam was brittle. The load-displacement curve is as shown in Figure 
7.34.  
Roller Support 
Deflection measurement Crack opening measurement 
Timber strip 
Figure 7.32: Flexural beam test experimental set up 
(a): Beam failure (b): Mortar joint after failure 
Figure 7.33: Failure of beam 
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Vertical deflection of the beam and crack opening with respect to applied vertical 
displacement are given in Figure 7.35(a) and (b). 
 
Average tensile bond strength (
'
mtf ) was equal to 1.14 MPa with a coefficient of 
variation of 13.52%. 
7.7.2. Shear Triplet Test 
To probe the shear bond strength (
'
msf ) of high bond strength masonry specimen, the 
shear triplet test was performed as per provisions of EN1052-3 (2002). The triplet 
experimental loading and boundary conditions are shown in Figure 7.36. 
Figure 7.34: Load-displacement curve 
(a): Load vs mid-beam deflection (b): Load vs crack opening at tension fibre 
Figure 7.35: Testing results for a typical flexural beam test 
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A 6mm thick plywood strips were used at the contact point between steel plates and 
triplet specimen as shown in Figure 7.37. Two LVDTs were used for deformation 
measurement. Both were used vertically to measure the comparative sliding of middle 
block with respect to side blocks. 
 
Figure 7.36: Triplet shear beam test loading and boundary conditions 
Applied load Loading plate 
with rollers 
Reaction plates 
Figure 7.37: Deformation measurement 
Timber strip 
LVDT for sliding 
measurement 
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Steel platen of the actuator was brought closer to the specimen until gently touching the 
loading steel plates. Once the platen is touching, the loading actuator was left on auto 
mode with displacement control loading rate 0.005 mm/sec. 
Total of six shear triplet specimens were tested for shear bond strength. All specimens 
failed through interface with brittle failure as shown in Figure 7.38 (a) and (b). The load 
resisted by the triple with respect to average shear deformation recorded is shown in 
Figure 7.38 (c). 
 
 
(a): Triplet shear failure 
(b): Mortar joint after failure 
(c): Load vs average shear sliding at joints 
Figure 7.38: Testing results for triplet test 
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Average shear bond strength (
'
msf ) was equal to 1.32 MPa with coefficient of variation 
equal to 10.83%. 
7.7.3. Compression Test 
To probe unconfined compressive strength (
'
mf ) of high bond strength masonry, the 
compression test normal and parallel to bed joint were performed. The experimental 
loading and boundary conditions are shown in Figure 7.39. 
 
Steel beams were used at top and bottom the specimen for uniform transmission of 
load. A 6mm thick plywood strips were used at the contact point between steel beams 
and specimen as shown in Figure 7.40(a). The deformation in compression specimen 
was measured using two LVDTs. 
Steel platen of the actuator was brought closer to the specimen until gently touching the 
top timber strips. Once the platen is touching the steel plate, the actuator was left on 
auto mode with displacement control loading rate 0.02 mm/sec.  
Figure 7.39: Compression test loading and boundary conditions 
Applied load 
Loading steel 
beams 
Reaction plates 
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Total six specimens were tested for compressive strength. Three specimen tested 
normal to bed joint ( cnf ) and three parallel to bed joint ( cpf ). The LVDT arrangements 
are shown in Figure 7.40. 
 
All failures were sudden and brittle. All specimens failed due to splitting of the blocks 
which started by cracking of web-shell in both orientations as shown in Figure 7.41. 
Average compressive strength normal to bed joint ( cnf ) was 10.2 MPa and average 
(a): Compression test normal to bed joint 
Figure 7.40: Deformation measurements 
Timber strip 
LVDT for compressive 
deformation 
(b): Compression test parallel to bed joint 
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elastic modulus is 6050 MPa. Average compressive strength parallel to bed joint ( cpf ) 
was 8.6 MPa and average elastic modulus is 5680 MPa normal to bed joint. 
 
Table 7.3: Compressive strength 
Load orientation Average compressive 
strength (MPa) 
CoV Typical failure 
Normal to bed joint 10.2 4.9% Splitting of blocks 
Parallel to bed joint 8.6 16.61 Splitting of blocks 
 
Comparing the experimentally determined parameters with one used for failure modes 
prediction (chapter 6, Table 6.1), there is no considerable difference found. 
Furthermore, compressive strength normal to bed joint ( cnf ) is 1.18 times of 
compressive strength parallel to bed joint ( cpf ), which is usually 1.34 to 2.33 times for 
the conventional masonry. It means increasing tensile and shear bond strength can 
reduce the orthotropic nature of masonry. 
Figure 7.41: Initial cracking during compression test 
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7.8. Summary 
Two high bond strength thin layer unreinforced hollow concrete masonry shear walls 
were built for validation experiments. Each wall was 2264 mm (long)1356 mm (high)
90.5 mm (thick) with face-shell thickness equal to 31.5 mm and aspect ratio 0.6. 
Walls were built with half-scale concrete masonry units and cement mortar with 4% of 
polymer content was used as binder with thickness equal to 2 mm. Based on studies 
presented in this chapter following conclusions can be made; 
1. Wall (Wall 1) tested for in-plane shear displacement without pre-compression (
pc ) failed due uplift at heel and sliding along the bottom joint. The high tensile 
bond strength of joints within wall caused rocking behaviour.  There was no 
failure through diagonal cracking or crushing at toe. Furthermore, the second 
last bottom joint was also partially damaged. The initial bond failure was 
observed 2.8 KN and peak shear load capacity observed was 6.6 KN. This test 
showed that the bottom most mortar joint of the wall has drastically lower 
Figure 7.42: Stress-strain curve for compression test normal to bed joint 
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tensile and shear bond strengths caused significantly low in-plane shear 
resistance.  
2. The bottom most joint of the first wall was repaired using low viscosity and 
high strength resin, Sikadur 52. Thin layer mortared masonry shear wall tested 
for in-plane shear displacement under a pre-compression stress of 0.5 MPa. The 
failure was again through the bottom courses but with higher in-plane shear load 
capacity. There was no diagonal failure observed in the wall. For the first wall 
(Wall 1A) under pre-compression, the peak shear capacity  was equal to 49.8 
KN. For the second wall (Wall 2) under pre-compression of 0.5 MPa, the peak 
shear capacity was equal to 50.8KN.  
3. Main reason behind this sliding failure is high tensile bond of the wall. This 
high bond strength can change the failure mode from diagonal failure to sliding. 
This sliding failure mechanism is further accelerated by the reduced tensile and 
shear bond strengths of the bottom most joint due to unevenness of floor beam. 
4. The compression, triplet shear and flexural beam tests have showed no 
difference as compare to the material properties used for prediction of failure 
modes.  
5. Compressive strength normal to bed joint ( cnf ) is 1.18 times of compressive 
strength parallel to bed joint ( cpf ), which is usually 1.34 to 2.33 times for 
conventional masonry. It means increasing tensile and shear bond strength can 
reduce the orthotropic nature of wall. 
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8. Structural Level Modelling I: 
Biaxial failure Surface 
 
8.1. Introduction 
This chapter presents the first part of structural level modelling. An existing structural 
level modelling method is adapted for high bond strength masonry shear walls with a 
view to carrying out an extensive study of the effects of the aspect ratio (H/L) and pre-
compression (
pc ). For structural level modelling homogenised ‘masonry’ material 
characteristics is often used in the literature for computational efficiency; central to 
such characteristics is the biaxial failure surface of a homogenised masonry. Masonry 
then can be modelled using a structural level (or macro) element without any need for 
distinguishing the blocks, mortar and their interfaces. This chapter presents the 
development of a biaxial failure surface for the high bond, thin layer mortared hollow 
concrete masonry.  The application of this failure surface to multi-level masonry wall 
system will be presented in Chapter 9. 
The biaxial failure surface is developed using the material level modelling method 
presented in Chapter 04. A masonry wallette is selected such that it represents a panel 
normally used in biaxial testing (Lourenco 1996, Wu and Hao 2008) containing few 
masonry units, horizontal and vertical mortar joints and unit-mortar interaction. Results 
obtained and the material parameters calculated are discussed in this chapter. 
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8.2. Structural Level Modelling 
Masonry exhibits orthotropic behaviour due to the presence of mortar joints in the 
horizontal and vertical directions. The horizontal joint (also known as bed joint) is 
continuous and hence it is customary to consider a material axis aligned to this bed 
joint; subsequently stresses can be referred to normal stress, parallel stress and shear 
stress when referring to the state-of-stress the panel is subject to. 
For structural level modelling, the wall is meshed in such a way that each element 
represents a masonry wallette as shown in Figure 8.1(b). The masonry wallette has few 
blocks, joints and their interaction as shown in Figure 8.1(c). The homogenised 
behaviour of masonry wallette presents the material properties of the macro element as 
shown in Figure 8.1(d) and (e). 
 
(a): High bond strength masonry (b): Macro meshing 
(c): Units and joint in 
homogenised element 
(d): Stresses considered for 
homogenised element 
(e): Homogenised plane stress 
element 
Figure 8.1: Homogenisation of masonry wall 
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Various researchers have developed bi-axial failure surface for unreinforced masonry 
through experiments and numerical methods (Dhanasekar 1985, Lourenco 1996, Wu 
and Hao 2008, Nazir and Dhanasekar 2014, Thamboo 2014). Structural level modelling 
has a limitation due to smeared cracking approach used to predict the failure, which 
leads to mesh size dependency. To account for this effect a parameter known as 
‘characteristic length’ which relates to the square root of the area of elements 
representing isotropic materials is taken into consideration.  
8.3. Mathematical Formulation 
In this structural level model, the orthotropic behaviour of masonry is defined using a 
bi-axial failure surface of masonry. Hill yield criterion is used for compression zone 
and Rankine yield criterion is used for tension similar to Lourenco (1997). 
 
8.3.1. Rankine Failure Criteria 
Initially, the Rankine failure criteria was proposed by Freenstra (1995), in which Mohr-
Coulomb formulation was used. Three stress components ( , &n p pn   ) were 
formulated together to calculate the principle stress normal and parallel to bed joint. 
p
Figure 8.2: Bi-axial yield surface for macro element 
n
pn o 
0pn 
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The final equation for principle stress normal and parallel to bed joint is as given in Eq. 
8.1. 
 
       
2
2
1
( ) ( ) ( ) ( )
2 2
p tp t n tn t p tp t n tn t
pn
k k k k
f
       

      
   
 
 
 Eq. 8.1 
Where ( )tp tk and ( )tn tk are the equivalent tensile bond strengths parallel and normal 
to bed joint. n and p are stresses normal and parallel to bed joints. These strengths 
are defined using Eq. 8.2 
tp
t
fp
hf
k
G
tp tpf e
 
 
 
    
tn
t
fn
hf
k
G
tn tnf e
 
 
 
    Eq. 8.2 
 
Where h is characteristic length of element and given as Eq. 8.3 
eh A        Eq. 8.3 
Where eA is area of element. The value of h must satisfy the following criteria. 
2
fti i
ti
G E
h
f
        Eq. 8.4 
In Eq. 8.1, is a contribution factors which defines the contribution of shear in tensile 
failure and given by Eq. 8.5; 
2
tp tn
pn
f f


        Eq. 8.5 
Where tpf is tensile strength parallel to bed joint, tnf is tensile strength normal to bed 
joint and 
2
pn is shear capacity of homogenised macro element. 
Shear modulus of the masonry can be calculated from the Eq. 8.6; 
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 2 1
n pE E
G



       Eq. 8.6 
Where nE and pE are elastic modulus normal and parallel to joint, respectively. 
8.3.2. Hill Failure Criteria 
Hill failure criterion is used to define the masonry behaviour in compression. 
Mathematically, this failure criterion can be represented by Eq. 8.7.; 
 
2 2 2
2 1 0p p n p pnf A B C D            Eq. 8.7 
Where , ,A B C and D  are material parameters and calculated based on equivalent 
compressive stress at corresponding equivalent strains as shown in Eq. 8.8 and 8.9. 
 
2
1
cp c
A
k

  
 
   cp c cn c
B
k k

 

  
 Eq. 8.8 
 
2
1
cn c
C
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
  
 
   cp c cn c
D
k k

 

  
 Eq. 8.9 
Where ck is equivalent compressive plastic strain to control softening and hardening 
response of masonry in compression cp and cn are compressive stresses in 
homogenised element parallel and normal to bed joint, respectively. 
There are total seven parameters which are at least required to define the failure surface 
of a homogenised macro element. These parameters can be determined from the tests 
shown in Figure 8.3. These parameters are; 
a. Tensile strength normal to bed joint ( tnf ) 
b. Tensile strength parallel to bed joint ( tpf ) 
      
 
Structural Level Modelling I: Biaxial Failure Surface 165 
 
 
c. Compressive strength normal to bed joint ( cnf ) 
d. Compressive strength parallel to bed joint (
cpf ) 
e. Material parameters ( , ,   ) 
 
Based on these tests performed on unreinforced masonry wallette, following empirical 
equations are developed by Lourenco (1996) for material parameter ( , , )    as 
follow; 
 
1
1 4 1 4
9
tp tn
f f
f f 

  
    
  
      Eq. 8.9 
 
2 2 2
1 1
cp cn
cpx cn
f f
f f f


 
   
  
      Eq. 8.10 
(a): Uni-axial tests required 
(b): Biaxial tests required 
Figure 8.3: Test configurations required for yield surface 
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2 2 2
16 1 1
9 cp cn
cp cp cn cn
f f
f f f f f
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  
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   
    Eq. 8.11 
These material parameters are used to define transformation of biaxial failure surface 
when principle stress are not on plane normal and parallel to bed joints. 
Compressive behaviour of homogenised macro masonry wallette is given as shown in 
Figure 8.4.  
 
The same model is used for both axis but the different compressive strength values. 
2
c c
2
p
2
( ) ( )i c ii pi ii
p
k k
k σ
k k
         Eq. 8.12 
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k
k k
   
 
      
   Eq. 8.13 
ii
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pi
ri
pk mik
ck
ci
Figure 8.4: Compression modelling of macro element 
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 Eq. 8.14 
Where 
pi is peak compressive strength in i
th
 direction, for stress normal to bed joint it 
is equal to cnf and for stress parallel to bed joint it is equal to cpf . 
Different stress points on curve are determined as follow; 
 
1
3
ii pi   
1
2
mi pi   
1
10
ri pi     Eq.8.15 
pk is equivalent strain corresponds to peak compressive strength. This value also used 
to calculate energy dissipation parameter as shown Eq. 8.16. 
75
67
fci
mi p
pi
G
k k
h
         Eq. 8.16 
The value of mik  must satisfy flowing criteria to avoid any convergence problem. 
i
mi
mi p
i
f
K
E
        Eq. 8.17 
Where 
pi actual compressive strain is corresponds to peak compressive strength. 
8.4. Basics of Explicit Modelling 
In the finite element modelling, two solution methods are available; implicit method 
and explicit method. In the implicit method, a stiffness matrix of the structure is 
formulated at each increment of loading based on the status of the integration points 
and hence until a group of adjacent integration points fail, the solution is considered 
stable whereas the explicit framework is stable for relatively smaller time increments 
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only.  However, the explicit approach can save a lot of computational time for highly 
non-linear materials to solve complex problems provided appropriate time scaling is 
incorporated. For the current problem, explicit finite element framework is adopted.  
In ABAQUS, the integration of explicit equation of motion for a body can be 
represented by the central difference integration as shown in Eq. 8.18. 
 
   
 
1 1 1
2 2
2
k k
k k
kt t
V V V
        
   
 
      Eq. 8.18 
 
     
1
1 1 2
k
k k k
V V t V
 
           Eq. 8.19 
V presents the displacement and k represents the incremental values. The first and 
second derivative of V is presenting the velocity and the acceleration, respectively. The 
acceleration at beginning of each load increment can be represented by the Eq. 8.20. 
    1.
j j
V M F   
 
I       Eq. 8.20 
Where M is the diagonal mass assumed lumped at centre of wall, I is internal force 
vector and F is applied force vector. 
In explicit framework, load is applied in small time increments and the output is the 
integration over the time. For a stable analysis, the stability condition can be written as 
given in Eq. 8.21. 
 
max
2
e
t

         Eq. 8.21 
In which max
e is the element Eigen value. 
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For stable time increment in all conditions should be minimum time required for all 
elements and represented by Eq. 8.22. 
 min
d
h
t
C
 
   
 
      Eq. 8.22 
Where 
2
dC
 


 is current effective wave speed of material and h is characteristic 
length parameter. and are lame’s constant and  is material density. 
For a 2264 mm1356 mm masonry shear wall, natural period is 0.03 sec and based on 
equation 8.22, the minimum time increment is 0.0001 sec; calculations are given in 
Appendix E based on formulation given by Gosh et al. (2011). Time increment must be 
greater than 0.0001 sec but should not be equal to 0.03 sec. The formulation of 
characteristic length parameter ( h ) developed by Lourenco (1996) was questioned by 
Haider and Dhanasekar . It is, therefore, a time stability analysis is performed on a 2264 
mm1356 mm shear wall with element size 205 mm and 124.5 mm as shown in Figure 
8.5. The element size is selected to accommodate at least one horizontal and one 
vertical joint, therefore, stability is achieved by time increment. 
8.4.1. Time Stability Analysis 
The bottom of floor beam was restrained for horizontal and vertical movements. At the 
top beam of wall, uniformly distribute pressure applied in first step in 10 equal 
increments. In last steps, the displacement controlled in-plane horizontal deformation 
applied monotonically with different loading rate. 
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The numerical testing results of masonry shear wall were compared in terms of load 
with respect to loading displacement applied per second as shown in Figure 8.6. 
 
Figure shows that the loading rate must be smaller than 0.02 mm/sec for stable analysis. 
In quasi-static analysis, the accuracy is monitored by comparing the kinetic energy with 
internal energy and ensures the ratio is not exceeded more than 10%. Analysis is 
performed using the loading rate 0.02 mm/sec. Results are given in Figure 8.7. 
Concrete beam 
Masonry wall 
Figure 8.5: Meshing, loading and boundary conditions 
Pre-compression 
Shear 
Displacement 
Figure 8.6: Time stability analysis 
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From Figure 8.7(a), it is clear that kinetic energy relatively high whenever there is 
sudden drop in shear load. It is indication of crack formation. A considerable increase 
in kinetic energy observed at displacement of 15 mm indicates significant cracking in 
wall. The value of kinetic energy was always lower than the internal energy as shown 
in Figure 8.7(b). 
 
8.5. Numerical Testing of Wallettes 
In this section, the behaviour of high bond strength masonry investigated for a wallette 
to prepare the biaxial failure surface required for structural level model. High bond 
strength masonry wallette was subject to uni-axial and biaxial deformation controlled 
loading applied parallel, perpendicular and 45
o
 to bed joints. 
8.5.1. Boundary Conditions and Material Properties 
A high bond strength masonry wallette considered for this purpose is shown in Figure 
8.8(a). Due to symmetry, 1/4
th
 of this wallette was modelled (Figure 8.8(b)).  
Masonry units were modelled using damage plasticity and combined behaviour of 
mortar body and unit-mortar interactions were modelled through element based 
material level model. The material properties used for this model are same as given in 
Figure 8.7: Energy monitoring 
(a): Kinetic energy vs shear load (b): Kinetic energy vs internal energy 
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Table 4.3. Four node continuum plane stress elements (CPS4) were used to model the 
masonry units.  For homogenised interface, cohesive 2D four node element (COH2D4) 
elements presented in Chapter 4 were used. 
 
Seven tests were simulated using the analysis – these are pictorially shown in Fig. 8.8.  
The tests are: (1) two uni-axial tests (one tension and the other compression) normal to 
bed joint (2) two uni-axial tests (one tension and the other compression) parallel to bed 
joint, (3) one biaxial compression test, (4) one biaxial compression test 45
o
 to bed joint 
and finally (5) one biaxial tension-compression test 45
o
 to bed joint. The loading and 
boundary conditions considered for this simulation of numerical testing are given in 
Figure 8.9. These tests are discussed further as seven cases as given in Table 8.1. 
  
(b): Part Modelled 
(a): Full Wallette 
Figure 8.8: Wallette for study of orthotropic behaviour of masonry 
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Table 8.1: Wallette testing cases 
Case Applied 
displacement  
Material parameter 
I 
tn  Tensile strength normal ( tnf ) to bed joint 
II 
cn  Compressive strength normal ( cnf ) to bed joint 
III 
tp  Tensile strength parallel ( tpf ) to bed joint 
IV 
cp  Compressive strength normal ( cnf ) to bed joint 
V 
  Tension-compression strength at 45
o
 ( f ) to bed joint 
VI 
  Biaxial compressive ( f ) strength 
VII 
  Biaxial compression at 45
o
( f ) to bed joint 
 
 
For the uni-axial and the biaxial tests normal and parallel to bed joints, the symmetry 
along x and y-axis were considered and the boundary conditions were provided 
accordingly. For bi-axial testing 45
o
 to bed joints, there was no symmetry and hence 
Case I Case II Case III Case IV 
Figure 8.9: Loading cases for bi-axial failure surface 
Case V Case VI 
Case VII 
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just the horizontal and the vertical movement of the end nodes were retrained as shown 
in Figure 8.9. 
8.5.2. Case I: Tension test Normal to Bed Joint 
In Case I, the deformation controlled load was applied normal to bed joint ( tn ). The 
wallette behaved elastically until the tensile bond strength normal to bed joint was 
attained. Once the tensile failure occurred, the masonry behaved as a strain softening 
material. The input tensile bond strength 1 MPa was lower than the modulus of rupture 
of the blocks (2.7 MPa) and hence only the bond failure was simulated as in Fig 8.10a. 
Tension softening continued until a residual stress of 0.012 MPa at a total displacement 
of 1.2 mm. 
 
(a): Deformed shape 
(b): Stress-displacement curve 
Figure 8.10: Failure of wallette under tension normal to bed joint 
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8.5.3. Case II: Compression Test Normal to Bed Joint 
In Case II, deformation controlled compression load was applied normal to bed joint (
cn ). The wallette behaved elastically up to almost half of the compressive strength (18 
MPa) and then exhibited compression hardening. 
After a peak stress of -9.24MPa, compression softening occurred up to a residual stress 
of -7.91 MPa, as shown in Figure 8.11. 
 
Figure 8.11: Failure of wallette under compression normal to bed joint 
(a): Deformed shape 
(b): Stress-displacement curve 
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8.5.4. Case III: Tensile Test Parallel to Bed Joint 
In Case III, deformation controlled tensile load was applied parallel to bed joint (
tp ). 
the wallette behaved elastically until it attained a tensile stress of 1.16 MPa. Further 
increase in applied displacement caused hardening up to 1.45 MPa and then there was 
softening as shown in Figure 8.12. 
 
 
Figure 8.12: Response of wallette under uniaxial tension parallel to bed joint 
(a): Deformed shape 
(b): Stress-displacement curve 
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This happened because when the tensile load was applied parallel to bed joint, the 
vertical joints were subject to tension and the horizontal joints were under shear. Under 
the applied tensile displacement, the behaviour of vertical and the horizontal joints was 
elastic initially. Further increase in applied tensile displacement caused vertical joints 
failure before the bed joints leaving the bed joints to resist the applied load. This is 
stage where the hardening part of response curve found. Once the tangential stress at 
horizontal joints are more than shear strength (1.25 MPa), the failure occurred and 
softening started. 
8.5.5. Case IV: Compression Parallel to Bed Joint 
In Case IV, deformation controlled compression load was applied parallel to bed joint (
tp ). the wallette behaved elastically until it attained a compressive stress of  -4 MPa. 
Further increase in applied displacement caused hardening up to -8.24 MPa and then 
there was softening as shown in Figure 8.13. 
After initial failure, the analysis exits due to delamination of bed joints; such a 
phenomenon is reported by Dhanasekar for conventional masonry (Dhanasekar 1985). 
When compression deformation loading applied parallel to bed joint, the vertical joints 
resist the deformation in compression whereas bed joints behaved in shear or have 
insignificant resistance to compressive load. Each course of masonry, therefore, 
behaved as an individual column and leads to delamination failure at bed joints before 
compression crushing of units. In case of high bond strength masonry this instability 
observed at compressive strength of -8.12 MPa as shown in Figure 8.13. 
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8.5.6. Case V: Tension-Compression at 45o to Bed Joint 
In Case V, a masonry wallette under a compression-tension displacement control 
loading applied at 45
o
 to the bed joint was numerically simulated. The tensile loading 
on the wallette was set as half of the compression loading (both loadings were 
displacement controlled).  
The wallette behaviour was elastic up to a normal stress of 0.80 MPa. Further increase 
in applied displacement provided marginal strain hardening till a peak stress of 0.88 
MPa. 
Figure 8. 13: Response of wallette under uniaxial compression parallel to bed joints 
(a): Deformed shape 
(b): Stress-displacement curve 
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8.5.7. Case VI: Biaxial Compression Normal and Parallel to Bed Joint 
In Case VI, a masonry wallette was subject to biaxial compression using a deformation 
controlled compressive load applied parallel and normal to the bed joint. The wallette 
behaviour was elastic up to a compressive stress of -8.0 MPa as shown in Figure 8.15. 
Further increase in applied displacement, a strain hardening observed. Peak 
compressive strength normal to bed joint ( cnf ) was found -11.93 MPa. 
Figure 8.14: Response of wallette under biaxial tension-compression 45
ο
 to bed joint 
(a): Deformed shape 
(b): Stress-displacement curve 
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8.5.8. Case VII: Compression – Compression at 45o to Bed Joint 
In Case VII, a masonry wallette under a compression-compression displacement control 
loading applied at 45 to the bed joint was numerically simulated. The loading on one 
edge of the wallette was set as half of the loading on other edge (both loadings were 
displacement controlled).   
The wallette behaviour was elastic initially up to compressive stress of -8. MPa. Further 
increase in applied displacement caused strain hardening and analysis showed a peak 
stress of -9.7 MPa as shown in Figure 8.16. 
Figure 8.15: Biaxial compression normal and parallel to bed joint 
(a): Deformed shape 
(b): Stress-displacement curve 
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8.6. Material Properties for Structural Level Model 
From the uni-axial tests (Case I to Case IV), it can be concluded that the behaviour of 
high bond strength masonry is orthotropic. Compressive strength of high bond strength 
masonry normal to bed joint (
cnf =-9.24 MPa) is 1.12 times higher than compressive 
strength parallel to bed joint (
cpf =-8.12 MPa). It is because the compressive 
displacement parallel to bed joint ( cp ) causes the compressive stresses on the vertical 
joint but ‘delamination type’ effect on bed joint. This causes each course of masonry to 
behave individually like a ‘column’ and leads to lower compressive strength.  
Figure 8.16: Biaxial compression-compression 45
o
 to bed joint 
(a): Deformed shape 
(b): Stress-displacement curve 
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The tensile strength of the high bond strength masonry parallel to bed joint (
tpf =1.45 
MPa) is 1.45 times higher than the tensile strength normal to bed joint (
tnf =1.0 MPa). 
This higher tensile bond strength parallel to bed joint is because the vertical joints resist 
the load in tension and the bed joints resist the same load in shear. This combined 
resistance of bed and vertical joints leads to higher tensile strength of masonry parallel 
to bed joint. On the other hand, when tensile displacement is applied normal to bed 
joints, only the bed joints resist the loading with insignificant contribution from the 
vertical joints.  
The material properties determined from Case I to Case VII are given in Table 8.2.  
Table 8.2: Parameters for structural level model 
Parameter 
Peak Stress 
(MPa) 
Source Case Reference 
tnf  1.0 
Numerical 
testing/Experiment 
I Chapter 08 
cnf  -9.2 Numerical testing II 
(Thamboo 2014)/ 
chapter 07 
tpf  1.45 Numerical testing III Chapter 08 
tpf  -8.2 
Numerical testing/ 
experiment 
IV 
(Thamboo 2014)/ 
chapter 07 
f  0.88 
Numerical testing/ 
experiment 
V Chapter 08 
f  -11.93 
Numerical testing/ 
experiment 
VI Chapter 08 
f  -9.7 
Numerical testing/ 
experiment 
VII Chapter 08 
  4.8 Eq. 7.1 - Chapter 08 
  -1.4 Eq. 7.2 - Chapter 08 
  5.8 Eq. 7.3 - Chapter 08 
 
Last three rows of Table 8.2 show parameters  ,  ,  , the calculation of which were 
based on  Equations 8.9 to 8.11. The working of the calculation is shown here. 
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1 1.45 1.0
1 4 1 4 4.8
9 0.88 0.88

   
         
   
 
     
2 2 2
1 1 1
( 8.2) ( 9.2) 1.4
11.93 9.2 8.2

 
        
    
 
         
   2 2
16 1 1
9 8.2 9.2 5.8
8.2 9.2 9.29.7 8.2


  
         
        
 
 
These parameters will be used in the next chapter for structural level analysis of high 
bond strength masonry single and multi-storey walls. 
 
8.7. Summary 
Stability condition of the explicit finite element modelling method was shown to have 
been achieved through time increment step; a stable analysis for the wall of dimension 
2264mm  1356mm was achieved at a time step of 0.02 mm/sec or smaller. To verify 
the accuracy of analysis, the kinetic energy was compared with the internal energy. The 
ratio of kinetic energy to internal energy was lower than 10% achieved with loading 
rate of 0.02 mm/sec. 
The interface element formulated in Chapter 4 was used for determining material 
properties of high bond strength masonry under biaxial loading. Wallettes of 201mm  
254mm size was subjected to biaxial and uniaxial displacement controlled loading to 
generate the parameters required to define the failure surface. The resulting biaxial 
failure surface will be used for structural level modelling in Chapter 9. Based on the 
analyses reported in this chapter, following conclusions are made; 
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1. Compressive strength of high bond strength masonry normal to bed joint (
cnf
=9.24 MPa) is 1.12 times higher than compressive strength parallel to bed joint 
(
cpf =8.12 MPa).  
2. The tensile strength of high bond strength masonry parallel to bed joint (
tpf
=1.45 MPa) is 1.45 times higher than the tensile strength normal to bed joint (
tnf
=1.0 MPa). 
3. The structural level model developed by Lourenco (1997) and modified by 
Haider (2008) is used for high bond strength masonry shear walls. 
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9. Structural Level Modelling II: 
Design Equation Development 
 
 
9.1. Introduction 
This chapter presents sensitivity analyses of high bond strength masonry shear walls 
using the failure surface parameters derived for the structural level modelling method in 
Chapter 8. The structural level modelling method is also widely referred as ‘macro 
modelling method’. 
This chapter presents results from the analyses of unreinforced masonry shear walls 
carried out by the structural level modelling method; both the conventional and high 
bond strength masonry shear walls have been considered. The failure modes predicted 
by the structural level modelling method is shown comparable to the ones predicted by 
the material level modelling method reported in Chapter 6. The structural level model is 
then used to analyse a range of high bond strength unreinforced masonry wall systems; 
aspect ratio from 0.4 to 0.8 and pre-compression pc =0.5 to 4 MPa (
'0.5 mf  to
'0.43 mf ) 
for walls in single, two and three storied buildings have been considered. Finally, the 
in-plane shear capacity of the high bond strength masonry walls resulted from these 
analyses have been used to develop a design equation specific for the high bond 
strength masonry shear walls. 
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9.2. Modelling of Wall 
ABAQUS, a finite element modelling tool, is used for the modelling and analysis of the 
masonry shear walls. The structural level material model defined in a VUMAT 
subroutine (coded in FORTRAN) was adapted for the high bond strength masonry and 
used to update the material behaviour at each load increment. Walls were modelled as 
follows; 
a. To control the node and element numbering sequentially, the meshing was 
manually prepared and Excel was used to generate the nodal and element 
information. All elements were defined as continuum plane stress four node 
(CPS4) element. Excel file was saved in .CSV format. 
b. Nodes and elements information was copied from the .CSV file and pasted into 
the .INP file (ASCII file) which can be read by ABAQUS. This .INP file was 
imported into ABAQUS CAE. 
c. Homogenised solid sections were created for bond beam and floor beam with 
concrete material properties and masonry wall with masonry material 
properties. Each section was defined with their effective thicknesses. 
d. Elements of bond beam, masonry wall and floor beam were assigned with 
corresponding sections. 
e. Once the section assignment was done, the wall was called into the assembly 
module of ABAQUS. Top of wall was defined as a surface. Important nodes 
and elements were defined in node and element sets for providing output of 
displacements and stresses/ strains respectively. 
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f. First step was defined as application of vertical pressure on the top surface of 
the wall. A uniformly distributed pressure was applied in 10 equal increments – 
although this was of no consequence. 
g. Twenty steps were defined to apply the horizontal in-plane displacement at the 
end section of the bond beam. Each step applied 1mm horizontal deformation 
on the bond beam in 20 increments. 
h. Field and history outputs were defined for the data required, for example, the 
reaction forces observed at loading point, the stress-data at critical locations 
(heel and toe). These data were obtained from .odb files 
i. All bottom nodes of the floor beam were restrained for any translational 
movement vertically and horizontally. 
j. Material properties were defined for two materials, (a): Concrete (damage 
plasticity model) and (b) Masonry (parameters for VUMAT) in .INP file.  
k. This input file was then submitted to ABAQUS along with user subroutine 
VUMAT. Once the analysis was completed, the .odb file was opened in 
ABAQUS/CAE for results processing. 
9.3. Validation of Structural Level Model 
This section presents the validation of high bond strength masonry shear wall behaviour 
predicted by the structural level model using the prediction of the material level 
modelling reported in Chapter 6.  
9.3.1. Material Modelling 
The input parameters required to define the failure surface, as shown in Table 9.1, have 
been determined from the experimental investigations and numerical testing of masonry 
wallettes (chapters 06 and 07). 
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Table 9.1: Parameters for the homogenised macro element of high bond strength masonry 
Sr. 
No. 
Symbol High bond strength Masonry 
Value Units Reference 
1 tpf (MPa) 1.45 Tensile strength parallel to bed joint Numerical modelling  
2 ftpG (N/mm) 0.8 Tensile energy parallel to bed joint Assumed 
3 
tnf (MPa) 1.0 Tensile strength normal to bed joint (Thamboo et al. 2012) 
4 ftnG (N/mm) 0.6 Tensile energy normal to bed joint Assumed 
5   4.8 Shear stress contribution of tensile failure Eq. 8.9 
6 g  1.0 Plasticity constant (Haider 2007) 
7 cpf (MPa) 8.3 Compressive strength parallel to bed joint Experiment (by author) 
8 fcpG (N/mm) 1.3 Compressive energy parallel to bed joint Assumed 
9 
cnf (MPa) 9.2 Compressive strength normal to bed joint Experiment (by author) 
10 fcnG (N/mm) 14.35 Compressive energy normal to bed joint Assumed 
11   -1.4 Biaxial compressive strength factor Eq. 8.10 
12   5.8 Shear strength contribution factor to 
compression failure 
Eq. 8.11 
13 h  225.9 Characteristic length of critical element Assumed 
14 pk  0.0025 Strain at peak compressive strength (Haider 2007) 
15 pE (MPa) 5580 
Young’s Modulus of masonry parallel to 
bed joint 
Experiment (by author) 
16 
nE (MPa) 5950 Young’s Modulus of normal to bed joint Experiment (by author) 
17 
zE (MPa) 0.001 
Young’s Modulus of masonry 
perpendicular to plane 
- 
18 p  0.2 Poisson’s ratio parallel to bed joint 
(Haider 2007) 
19 
n  0.2 Poisson’s ratio normal to bed joint 
(Haider 2007) 
20 
z  1E-7 Poisson’s ratio perpendicular to plane - 
21 G (MPa) 2400 Shear modulus Eq. 8.6 
 
A few parameters were not determined either experimentally or numerically; such 
parameters were assumed, extrapolated or taken from the literature. A total of 21 
material parameters required for the modelling of high bond strength masonry as given 
in Table 9.1. 
9.3.2. Meshing, Boundary and Loading Conditions 
A half-scale wall of dimension 2264 mm (long)1356 mm (high)90.5mm thick with 
face-shell thickness equal to 31.5mm was considered for the analysis as shown in 
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Figure 9.1 (corresponding full-scale wall will be 4528 mm (long)2712 mm (high)
181mm thick with face-shell thickness equal to 63mm). Wall was considered to be 
constructed with 185 mm long and 90 mm high half-scale blocks. To consider at least 
one horizontal and one vertical mortar joint in a macro (structural level) element mesh, 
the size of mesh was considered equal to 205 mm long and 124.5 mm high. 
 
The bottom surface of the floor beam was restrained from any translation horizontally 
and vertically. At the top beam of the wall, a uniformly distributed pressure was applied 
in the first step. In the next step, the displacement controlled in-plane horizontal 
deformation was applied monotonically with each increment equal to 0.02 mm/sec. The 
wall was tested for 4 levels of pre-compression from ' '0.05 ~ .43m mf f (0.5 MPa to 4 
MPa). 
Load-displacement curves and the failure modes were examined from these analyses. 
Concrete beam 
Masonry wall 
Figure 9.1: Meshing, loading and boundary conditions 
Pre-compression 
Shear 
Displacement 
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9.3.3. Behaviour under Low Pre-compression 
When the pre-compression was less than '0.15 mf , the failure of the wall was dominated 
by the tensile uplift and sliding along the bottom course as shown in Figure 9.2. The 
crack visualisation model developed in MATLAB (Presented in Chapter 04 and 
Appendix B) was used for producing cracked shaped of the wall as shown in Figure 
9.2(b). 
 
(a): High bond strength masonry shear wall ( = 0.5 MPa) 
(b): Crack visualisation 
Figure 9.2: Failure under low pre-compression ( = 0.5 MPa) 
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9.3.4. Under High Pre-compression 
When the pre-compression ( pc ) was equal to or more than
'0.15 mf , the initial failure 
started due to tensile uplift at heel. Further increase in applied displacement caused 
diagonal shear failure as shown in Figure 9.3. 
 
It is also observed that under high pre-compression pressure ( pc =
'0.30 mf ), the failure 
of the wall was more concentrated towards the loading point, widely referred to as 
corner failure, as shown in Figure 9.4.  
(a): High bond strength masonry shear wall ( = 2.0 MPa) 
Figure 9.3: Failure under high pre-compression ( = ) 
(b): Crack visualisation 
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The increase in pre-compression ( pc ) up to
'0.43 mf (4MPa) caused increase in in-plane 
shear capacity but further increase in pre-compression caused reduction in in-plane 
shear capacity, as shown in Figure 9.5, but the failure was still due to diagonal shear 
cracking. 
 
From these failure modes it can be concluded that masonry with higher tensile (
'
mtf ) 
and shear bond strengths (
'
msf ), fail due to sliding of bottom course when the pre-
compression is less than '0.15 mf . This result is exactly same as that predicted by the 
material level modelling methods reported in Chapters 06. 
Figure 9.4: Failure mode under high pre-compression ( = 3.0 MPa) 
(a): Corner failure of masonry shear wall ( = 3 MPa) 
(b): Crack visualisation 
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An increase in pre-compression (from '0.15 mf to
'0.43 mf ), modify the failure mode from 
base sliding to diagonal cracking and increases the in-plane shear capacity. The effect 
of pre-compression ( pc ) to the load-displacement response of the walls is shown in 
Figure 9.5. It can be observed that the increase in pre-compression reduces the 
deformation capacity of the walls. Any increase in pre-compression over '0.43 mf , 
reduces the in-plane shear capacity of the wall, therefore, parametric study in next 
section will be performed up to '0.43 mf . 
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The predicted load-displacement relationship from the structural level model and its 
corresponding failure mode are compared with those obtained through material level 
modelling for a pre-compression of '0.05 mf and
'0.2 mf  as shown in Figure 9.6. Good 
agreement is found between these results. Structural level models with explicit 
formulation is capable of providing much larger unloading compared to the implicitly 
formulated material level modelling as can be seen from Figure 9.6. 
Figure 9.5: Influence of pre-compression 
(b): In-plane shear capacity vs pre-compression 
(a): Load-displacement curve 
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Figure 9.6: Comparison of material and structural level modelling methods 
(e): Failure mode by material level model (f): Failure mode by structural level model 
(d): Comparison of load-displacement response ( = 2 MPa) 
(a): Comparison of load-displacement response ( = 0.5 MPa) 
(b): Failure mode by material level model (c): Failure mode by structural level model 
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9.3.5. Effect of bond strength 
The effect of tensile bond strength (
'
mtf ) to the failure mode was examined by 
analysing a wall of same geometry and boundary conditions as that used in Section 
9.2.4 but using the conventional masonry material properties shown in Table 9.2. 
Table 9.2: Material properties of macro element for conventional masonry 
Sr. 
No. 
Symbol Conventional masonry 
Value Units Reference 
1 tpf (MPa) 0.6 Tensile strength parallel to bed joint 
(Haider 2007) 
2 ftpG (N/mm) 0.85 Tensile energy parallel to bed joint 
(Haider 2007) 
3 
tnf (MPa) 0.25 Tensile strength normal to bed joint 
(Haider 2007) 
4 ftnG (N/mm) 0.5 Tensile energy normal to bed joint 
(Haider 2007) 
5   2.25 Shear stress contribution of tensile failure (Haider 2007) 
6 g  1.0 Plasticity constant 
(Haider 2007) 
7 cpf (MPa) 3.0 Compressive strength parallel to bed joint 
(Haider 2007) 
8 fcpG (N/mm) 0.30 Compressive energy parallel to bed joint 
(Haider 2007) 
9 
cnf (MPa) 18.0 Compressive strength normal to bed joint 
(Haider 2007) 
10 fcnG (N/mm) 4.35 Compressive energy normal to bed joint 
(Haider 2007) 
11   -1.17 Biaxial compressive strength factor (Haider 2007) 
12   4.0 Shear strength contribution factor to 
compression failure 
(Haider 2007) 
13 h  225.9 Characteristic length of critical element (Haider 2007) 
14 pk  0.0025 Strain at peak compressive strength 
(Haider 2007) 
15 pE (MPa) 6000 
Young’s Modulus of masonry parallel to 
bed joint 
(Haider 2007) 
16 
nE (MPa) 15000 Young’s Modulus of normal to bed joint 
(Haider 2007) 
17 
zE (MPa) 0.001 
Young’s Modulus of masonry 
perpendicular to plane 
(Haider 2007) 
18 p  0.2 Poisson’s ratio parallel to bed joint 
(Haider 2007) 
19 
n  0.2 Poisson’s ratio normal to bed joint 
(Haider 2007) 
20 
z  1E-7 Poisson’s ratio perpendicular to plane 
(Haider 2007) 
21 G (MPa) 3953 Shear modulus (Haider 2007) 
 
Meshing, loading and boundary conditions for this are same as given in Figure 9.1.  
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The conventional masonry shear wall failed due to tensile uplift initially similar to the 
high bond strength masonry wall. However, further increase in applied in-plane shear 
displacement caused failure along the diagonal, as shown in Figure 9.8. It can be noted 
that for same pre-compression ( pc ), high bond strength masonry showed only tensile 
uplift and sliding along the bottom course of masonry. Peak load of the conventional 
masonry wall was 40.5 KN whilst the peak load of the high bond strength masonry wall 
was 91 KN which is just an increase of 100%, for a 400% increase in the tensile bond 
strength (0.25MPa to 1.0MPa). From these results, it can be concluded that the increase 
in tensile bond strength doesn’t proportionally increase the in-plane shear load capacity 
of unreinforced masonry shear walls. Furthermore, the structural level (macro) 
modelling method produce results similar to that of the ones predicted (and compared 
with the experimental results) by the material level modelling method. The structural 
level modelling method is further used in sensitivity studies on unreinforced masonry 
walls. 
 
These results confirm the hypothesis of the thesis presented in Chapter 03. As 
anticipated, high bond strength masonry walls of aspect ratio less than 1.0 under low 
pre-compression have exhibited base sliding whilst those with high pre-compression 
Figure 9.7: Failure of conventional masonry shear wall 
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exhibited diagonal shear cracking. The failure mode, load-displacement curves and the 
ultimate load predicted by the structural level models also compared quite well with 
those from the material level modelling method. In spite of the good findings shown, 
prior to generalising the findings, a thorough examination of key parameters is 
required; these are provided in Section 9.3. 
9.4. Parametric study 
To develop a generalised design equation for high bond strength masonry shear wall, 
effect of the following parameters to its in-plane shear capacity is essential;  
a. Aspect ratio (H/L) 
b. Pre-compression ( pc ) 
c. Number of storeys (Maximum three storey building considered) 
For this purpose three aspect ratios (H/L=0.4, 0.6, 0.8) less than 1 were considered. 
Each aspect ratio wall was tested under 4 levels of pre-compression ( pc ) from 
'0.05 mf  
to '0.43 mf  (0.5MPa to 4MPa). Each aspect ratio and each pre-compression level was 
tested for single, double and triple storey buildings, therefore, total analysis performed 
were 343 = 36. 
9.4.1. Single Storey Walls 
In this section, the results for 12 single storey walls are presented. Three aspect ratios 
(H/L) were considered with four pre-compression levels. The aspect ratios considered 
are shown in Figure 9.8. 
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Under the low pre-compression (
'0.15pc mf  ), walls failed through the bottom course 
as shown in Figure 9.9. It supports the hypothesis of this thesis and the results 
presented in chapter 06 that high bond strength masonry with aspect ratio less than 1 
will have shear failure along bottom joint under low pre-compression. 
 
 
 
(a): L = 2870mm, H = 2241mm, H/L = 0.8 
(b): L = 3635mm, H = 2241mm, H/L = 0.6 
(c) L= 5510mm, H = 2241mm, H/L = 0.4 
Figure 9.8: Aspect ratios (H/L) considered 
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(a): H/L = 0.8, PH = 91.5KN 
Figure 9.9: Effect of aspect ratio under low pre-compression ( = 0.5MPa) for 
single storey walls 
(b): H/L = 0.6, PH = 107.4 KN 
(c): H/L = 0.4, PH = 151.1 KN 
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The load-displacement curve is shown in Figure 9.10. Load capacity of wall increase 
with the decrease in aspect ratio but the deformation capacity marginally decreases. 
 
Under high pre-compression (
'0.15pc mf  ), failure occurred due to tensile uplift at the 
heel and shear cracking along the diagonal as shown in Figure 9.11. Under high pre-
compression pressure (4 MPa), sliding was prevented and the failure mode changed 
from flexural/bottom shear to diagonal. The diagonal failure becomes more prominent 
by reducing aspect ratio (H/L) as shown in Figure 9.11.  
Figure 9.10: Load-displacement curve under low pre-compression ( = 0.5MPa) 
for single storey walls 
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Figure 9.11: Effect of aspect ratio under high pre-compression ( ) for 
single storey walls 
(a): H/L = 0.8, PH = 167.8KN 
(b): H/L = 0.6, PH = 211.1KN 
(c): H/L = 0.4, PH = 291.72KN 
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The crack visualisation model used to visualise the crack as shown in Figure 9.12. 
 
The load-displacement curve is shown in Figure 9.13. It shows that the reduction is 
aspect ratio (H/L) reduces the deformation capacity and increasing in-plane shear load 
capacity. 
 
Figure 9.12: Effect of aspect ratio to cracking pattern ( ) of 
single storey walls 
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The effect of the aspect ratio and pre-compression is given in Figure 9.14. It can be 
observed that the longer walls (low H/L ratio walls) resist larger lateral load and 
generally all walls resist larger later loads under higher vertical pre-compression. 
 
 
Figure 9.13: Load-displacement curve under high pre-compression ( ) 
for single storey walls 
Figure 9.14: Effect of pre-compression and aspect ratio on peak load 
capacity of single storey walls 
      
 
Structural Level Modelling II: Design Equation Development 205 
 
 
9.4.2. Double Storey Walls 
In this section, the results for 12 double storey walls are presented. The size of wall 
considered at each level is same as that of the single storey walls reported in Section 
9.3.1. The analysis procedure was exactly same as that adopted for the single storey 
wall. The vertical and horizontal loads were applied only to the second storey level slab 
(top of wall system), as shown in Figure 9.15, being more conservative and explained 
through Figure 9.16.  
 
 
Concrete slab 
Masonry wall 
Pre-compression 
Shear 
Displace
ment 
Figure 9.15: Meshing, loading and boundary conditions for double storey 
wall 
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Moment at heel will be as follow; 
 40 6 60 3 420CaseAM KN m          Eq. 9.2 
 100 6 600CaseBM KN m        Eq. 9.3 
As these wall systems are tall and flexural failure is more likely to occur, the bending 
moment at the base of the wall can provide a good measure of the actions to which the 
walls are subjected to; comparing the realistic loading with the simplified, it can be 
seen that the simplified loading is quite conservative. Although the results from the 
simplified load analysis can be uneconomical, to the purpose of the study is to examine 
whether or not there is any effect of increase in number of storey to the in-plane shear 
capacity of the wall; therefore, loading scenario is immaterial. 
Under the lower pre-compression (
'0.15pc mf  ), the failure of double storey walls 
occurred due to shear and tensile deformation along the bottom joint as shown in Figure 
9.17. 
Figure 9.16: Reason for applying load at top level 
40KN
60KN
3 
3 
100KN
(a): Realistic Loading (b): Simplified Loading 
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The load-displacement response is shown in Figure 9.18. It shows that with the 
reduction in the aspect ratio (H/L) of walls in each storey, the load capacity increases. 
Figure 9.17: Double storey wall failure under low pre-compression ( ) 
(a): H/L = 0.8, PH = 42.9KN(c): L (b): H/L = 0.6, PH = 61.82KN 
(c): H/L = 0.4, PH = 100.6KN 
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Under the high pre-compression (
'0.15pc mf  ), the failure occurred due to tensile uplift 
at heel and compression crushing at toe with limited diagonal failure as shown in 
Figure 9.19. The failure load increased with the decrease of the aspect ratio (H/L) of 
wall in each storey. 
Figure 9.18: Load-displacement under low pre-compression ( ) for 
double storey walls 
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The load-displacement curve is shown in Figure 9.20. It is showing that load capacity 
of the wall increase with decrease in aspect ratio but deformation capacity is decrease. 
Figure 9.19: Double storey wall failure under high pre-compression ( ) 
(a): H/L = 0.8, PH = 106.3KN 
Toe 
crushing 
Minor 
diagonal 
cracks 
crushing 
(b): H/L = 0.6, PH = 151.3KN 
Toe 
crushing 
(c): H/L = 0.4, PH = 245.8KN 
Toe 
crushing 
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The effect of the aspect ratio and pre-compression is given in Figure 9.21. This 
response is exactly same as that of the single storey walls shown in Figure 9.14 
 
 
Figure 9.20: Load-displacement under high pre-compression ( ) for 
double storey walls 
Figure 9.21: Effect of aspect ratio and pre-compression for double storey walls 
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9.4.3. Three Storey Walls 
In this section, the results of 12 analyses for three storey walls are presented. The wall 
at each level is same as that used for single storey walls. The analysis procedure was 
exactly same as that adopted for the single storey wall. Again the vertical and 
horizontal loads were applied only to the third storey level slab for reasons discussed in 
Section 9.3.2. 
Under low pre-compression (
'0.15pc mf  ), three storey walls failed due to shear and 
tensile deformation along the bottom joint as shown in Figure 9.22.  
 
Figure 9.22: Three storey wall failure under low pre-compression ( ) 
(a): H/L = 0.8, PH = 28.1KN (b): H/L = 0.6, PH = 40.5KN 
(c): H/L = 0.4, PH = 65.9KN 
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This is exactly same as that for the two storied walls shown in Figure 9.22. 
The load-displacement response is shown in Figure 9.23. Load capacity of the wall is 
increase with decrease in aspect ratio (H/L). 
 
Under the high pre-compression (
'0.15pc mf  ), the failure occurred due to tensile uplift 
at heel and crushing at toe as shown in Figure 9.24. Again, similar to single and double 
storied systems, the failure load increased with the reduction in the aspect ratio (H/L) of 
wall in a storey. 
Figure 9.23: Load-displacement response under low pre-compression ( ) 
for three storey walls 
      
 
Structural Level Modelling II: Design Equation Development 213 
 
 
 
The load-displacement curve is shown in Figure 9.25. It is showing that load capacity 
of the wall increase with decrease in aspect ratio but deformation capacity is decrease. 
Figure 9.24: Three storey wall failure under high pre-compression ( ) 
(a): H/L = 0.8, PH = 68KN (b): H/L = 0.6, PH = 102.1 KN 
(c): H/L = 0.4, PH = 165.9KN 
Toe 
crushing 
Toe 
crushing 
Toe 
crushing 
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The effect of the aspect ratio and pre-compression is given in Figure 9.26. This 
response is exactly same as that of the single and double storied wall systems. 
 
To study the effect of number of storeys, a dimensionless parameter is defined as 
shown in Eq. 9.3. 
Figure 9.25: Effect of aspect ratio under high pre-compression ( ) 
Figure 9.26: Effect of aspect ratio and pre-compression for three storey walls 
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'
T
f m
R
L t f
 
 
      Eq. 9.3 
Where; 
 TR  = Reaction at toe = 
HP H
L

 
 H  = Height of wall 
 L  = Length of wall 
 
ft  = Face-shell thickness (31.75mm) 
 '
mf  = Compressive strength of masonry (9.2MPa) 
Based on the dimensionless parameter comparison, obtained from the load resisted by 
the wall, it is found that there is no effect of storey height on in-plane shear strength of 
the wall as shown in Figure 9.27 for wall with aspect ratio equal to 0.8. 
 
Figure 9.27: Effect of number of storeys 
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From the results in Figure 97, it can be concluded that the there is no effect of number 
of storeys and hence, there is no need to consider the number of stories in a building for 
analysis purpose; each wall can be analysed separately. The study on the number of 
stories will therefore be terminated here with no further consideration. 
9.5. Review of Design Equations 
To develop a design equation for unreinforced high bond strength masonry shear walls, 
it important to look into different design equations available for unreinforced masonry 
in the literature. 
9.5.1. Design Equation in AS3700 (2011) 
AS3700 (2011) is the Australian Standard for design of masonry structures. In this 
standard, the shear resistance of unreinforced masonry wall is defined as a function of 
shear bond strength ( '
msf ) and shear friction strength due to pre-compression ( df ). The 
design equation for unreinforced masonry wall is given in Eq. 9.4; 
 1d oV V V         Eq. 9.4 
 '
o ms dV f A        Eq. 9.5 
 1 v d dV k f A        Eq. 9.6 
   = the capacity reduction factor = 0.6 
 '
msf  = the characteristics shear strength 
 dA  = design cross section (mortar bedding area) 
 vk  = shear factor = 0.3 
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 df  = design compressive stress (should be < 2 MPa) 
AS3700 provision considers the effect of pre-compression and shear sliding along the 
mortar joint in the wall. As pre-compression is beneficial to shear resistance, a limit of 
2 MPa is imposed. In this equation, there is no consideration to the aspect ratio (H/L) 
and diagonal failure. 
9.5.2. Design Equation in Eurocode 6 (BS EN 1996-1-1: 2005) 
The design equation given in the Eurocode 6 or BS EN 1996-1-1: 2005 defines the in-
plane shear resistance of an unreinforced masonry wall as a function shear bond 
strength ( '
msf ) and pre-compression ( pc ). The design equation for unreinforced 
masonry is given in Eq. 9.7; 
 d vd cV f t L    < 
'0.065 cu cf t L    Eq. 9.7 
For 0.5 to 3mm thickness (thin layer) mortar joints, the shear strength is determined as: 
 0.4vd ms pcf f    < 
'0.065 cuf    Eq. 9.8 
Where; 
 vdf  = Design shear strength of masonry (MPa) 
 t  = Thickness of wall (mm) 
 cL  = Length of wall in compression (mm) 
This equation considers the effect of pre-compression and shear bond strength. This 
equation also considers the sliding failure along the bed joint but doesn’t consider the 
diagonal failure. Eurocode specifically provides shear strength expression for thin layer 
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masonry as given in Eq. 9.8. For conventional 10mm mortar, the design shear strength 
is considered half of the shear strength of the thin layer masonry (
'0.5 0.4vd ms pcf f  
). 
9.5.3. Design Equation in Canadian Standards (CSA 304.1(2004)) 
The design equation given in the Canadian Standards (CSA 304.1) is based on the 
diagonal shear failure. The design equation considers the masonry tensile bond 
strength, shear bond strength, pre-compression and aspect ratio. The design equation 
for unreinforced masonry is given in 9.9; 
  0.25r m m w v dV v b d P   < 
'0.4 m m w vf b d   Eq. 9.9 
 m  = Resistance factor for masonry (0.6) 
 mv  = Shear strength of masonry = 
'0.16 2
f
m
f v
M
f
V d
 
  
 
  
      = 
'
'
'
0.16 2 mt m
ms v
f H
f
f d
 
  
 
 
 wb  = Length of wall (mm) 
 vd  = Effective length of wall in shear (mm) = 0.8 L = cL  
 fM  = Factored moment (N-mm) = 
'
mtf H  
 'mf   = Compressive strength of masonry (MPa) 
  fV  = Factored shear strength of masonry (MPa) = 
'
msf  
 P  = Pre-compression pressure (MPa) 
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This equation is only for those walls which have aspect ratio less than one and the value 
for 
f
f v
M
V d
is limited to 0.25 to 1.0. This equation is not recommended for pre-
compression greater than 1.0 MPa. 
9.5.4. Comparison of Equations with the Current Data 
In this section, the sensitivity analyses results are compared with the design equations. 
This check is performed only for single storey walls with aspect ratio less than 1, as 
shown in Table 9.3. 
Table 9.3: Comparison of Finite Element Predictions and the Predictions of the Design 
Equations in National Standards 
Aspect 
Ratio 
(H/L) 
Pre-
compression  
(MPa) 
In-plane shear capacity predicted (KN) 
FE 
Model 
AS3700 
(2011) 
% 
Difference 
Eurocode 
6 
% 
Difference 
CSA 
(2004) 
% 
Difference 
0.8 
0.5 91.58 126.56 -38.20 131.1 -43.1 71.6 21.7 
1 117.90 140.13 -18.85 149.2 -26.5 82.9 29.6 
2 151.67 167.25 -10.27 185.3 -22.2 NA NA 
4.00 167.78 NA NA 257.7 -53.6 NA NA 
0.6 
0.50 107.42 153.69 -43.07 159.2 -48.2 71.20 33.73 
1.00 131.54 170.16 -29.36 181.1 -37.7 78.46 40.35 
2.00 167.79 203.09 -21.04 225.1 -34.1 NA NA 
4.00 167.78 NA NA 312.9 -48.2 NA NA 
0.4 
0.50 151.10 198.89 -31.63 206.00 -36.32 100.49 33.49 
1.00 182.58 220.20 -20.61 234.43 -28.38 118.25 35.23 
2.00 226.73 262.82 -15.92 291.23 -28.44 153.77 32.18 
4.00 291.72 348.06 -19.31 404.88 -38.79 224.80 22.94 
 
From the data in Table 9.3; the following inferences can be made; 
a. Equation given in AS3700 (2011) is non-conservative as it consistently over 
predicted the capacity (indicated by – sign in the % difference column).  
b. Eurocode 6 equation is developed for thin layer masonry but doesn’t cover all 
ranges of shear bond strength. This equation is also non-conservative as it 
consistently over predicted the capacity (indicated by – sign in the % difference 
column).  
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c. Equation given in (CSA s340.1 (2004)) is conservative and giving 30~40% 
lesser strength over predicted the capacity (indicated by – sign in the % 
difference column). 
Based on these conclusions, It can be concluded that a design equation need to 
develop for high bond thin layer masonry which can closely and conservatively 
predict the in-plane shear load. Equation need to take into account the important 
influencing parameters like material properties, aspect ratio (H/L) and pre-
compression ( pc ). 
9.6. Development of Design Equation 
9.6.1. Simplified Design Equation 
In this method, a design table is developed for unreinforced high bond strength 
masonry shear walls to use for calculation of peak in-plane shear capacity. Design table 
(Table 9.4) was developed using the peak in-plane shear loads determined through FE 
analysis as presented in section 9.3. The peak in-plane shear load was changed to a 
dimensionless parameter as given in Eq. 9.10 and presented in table 9.4. 
'
2
3
H
ut
s m
P
k
L t f
 
 
     Eq. 9.10 
In Eq. 9.10, the factor 2/3 is used so that the calculated in-plane shear load capacity of 
wall remains conservative. Based on the utk values given in Table 9.4, Eq. 9.11 can used 
to calculate the in-plane shear load; 
'
m ut m nV k f A        Eq. 9.11 
Where; 
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 mV  = Peak in-plane shear capacity of wall (N) 
 utk = Strength factor from Table 9.4 
 nA = Net mortar bedding area, mm
2
 
'
mf =Compressive strength of masonry normal to bed joint, MPa 
 
Table 9.4: Shear strength factor ( utk ) 
 
Pre-compression (
pc ), MPa 
0.5 1 2 4 
Panel 
aspect 
ratio 
(H/L) 
0.8 
0.074 0.095 0.122 0.135 
0.6 
0.071 0.087 0.111 0.140 
0.4 
0.077 0.094 0.116 0.150 
 
9.6.2. Detailed Design Equation 
In this method, based on the study performed and presented in this chapter, a 
generalised equation for high bond strength masonry can be as given in Eq. 9.12; 
  ',
pcmt
m H f
L
V V V V
  
   
   
    Eq. 9.12 
Where; 
 mV   = Peak in-plane shear capacity of wall (N) 
',
mt
H f
L
V V = Share of in-plane shear capacity due to aspect ratio and material 
properties (N) 
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pc
V = Share of in-plane shear capacity due to pre-compression (N) 
The effect of aspect ratio (H/L) and material properties given by Canadian Standards 
(CSA304.1 (2004) on in-plane shear capacity of wall is as given in Eq. 9.13. 
 '0.16 2
f
m
f v
M
f
V d
 
  
 
      Eq. 9.13 
This equation is defined as function of compressive strength ( '
mf ) of masonry but this 
thesis aim to make it function of shear bond strength ( '
msf ). Furthermore, the constants 
‘0.16’ and ‘2’ in Eq. 9.11 are treated as unknowns for high bond strength masonry. The 
equation for high bond strength can be generalised as given in Eq. 9.14. 
 
'
', . .
mt
H msf
L
H
V V k a f
L
   
    
  
      Eq. 9.14 
Effect of pre-compression is adopted from the formulation in AS3700 (2011) – see Eq. 
9.15. 
 0.3
pc pc
V          Eq. 9.15 
Combined generalised equation for high bond strength masonry is therefore as shown 
in Eq. 9.16 
 
'
', . . 0.3
pcmt
m H ms pc nf
L
H
V V V V k a f A
L
 
    
        
   
   Eq. 9.16 
Ignoring mortar bedding area, the generalised equation in terms of stresses will be as 
shown in Figure 9.17. 
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'
', . . 0.3
pcmt
m H ms pcf
L
H
V V V V k a f
L
 
    
        
   
   Eq. 9.17 
The effect of pre-compression on high bond strength masonry shear walls is as given in 
Figure 9.28. The contribution from pre-compression due to Eq. 9.13 is also shown. 
 
Figure 9.28: Effect of pre-compression 
The difference between the FEM results and the proposed equation for pre-compression 
is due to material properties and aspect ratio (H/L). Figure 9.29 shows the effect of 
aspect ratio. By drawing an best fitting line, the intercept with vertical axis can found. 
For high bond strength masonry, it is found equal to 2.0 as shown in Figure 9.29. 
 
Figure 9.29: Effect of aspect ratio 
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Putting this intercept in Eq. 9.17, the proposed equation will be as given in Eq.18.  
 
'
', . 2 . 0.3
pcmt
m H ms pcf
L
H
V V V V k f
L
 
    
        
   
   Eq. 9.18 
Assuming 1.0k  ; the prediction of proposed equation as compare to FEM results are 
as shown in Figure 9.30. 
  
Figure 9.30: Comparison of propose equation 
 
For fitting with curve the value is reduced to 0.4 and the final equation is as given in 
Eq. 9.16 . The prediction of final equation compared in Figure 9.31. 
  
Figure 9.31: Comparison of final equation 
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'
', 0.4 2 . 0.3
pcmt
m H ms pc nf
L
H
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   Eq. 9.19 
The proposed equation takes aspect ratio (H/L), pre-compression (
pc ) and material 
properties into account. 
9.7. Comparison of the Proposed Design Methods 
Consider two walls of same material properties but different dimensions as shown in 
Table 9.5. The in-plane shear capacity of the two walls predicted by the two proposed 
design methods is exhibited in the table. 
Table 9.5: Comparison of Proposed Design Equations/Methods 
Method 
Wall 1 (4285mm 3000mm 190mm ) 
Face-shell thickness 64mm 
Wall 2 (6000mm 3000mm 190mm ) 
Face-shell thickness 64mm 
Parameters In-Plane Shear Capacity (KN) Parameters In-Plane Shear Capacity (KN) 
Simplified 
Method 
'
mf = 10 MPa 
198.8 
'
mf = 10 MPa 
284.2 pc = 0.5 MPa pc = 0.5 MPa 
utk = 0.0885 utk = 0.091 
Detailed 
method 
H/L = 0.7 
219.4 
H/L = 0.5 
345.6 
'
msf = 1.25 MPa 
'
msf = 1.25 MPa 
pc = 0.5 Mpa pc = 0.5 Mpa 
% 
Difference 
 11%  22% 
AS3700 
(2011) 
 383.9  537.6 
 
From the data in Table 9.5 it can be concluded that the simplified method is 
substantially conservative than the detailed method. The conservatism of the simplified 
method increases with the increase of the length of wall (or, reduction in aspect ratio). 
Furthermore, the load capacity calculated by the AS3700 (2011) provisions for both 
walls is high, consistent with the conservative predictions reported in Table 9.3.  The 
proposed equations, therefore, appear safer especially for longer (squat) walls. 
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9.8. Summary 
A structural level explicit finite element model available in the literature was used for 
high bond strength masonry analysis. The model was validated using the results 
predicted by the material level model presented in Chapter 6. Unreinforced masonry 
walls of aspect ratio (H/L) 0.4 to 0.8 were considered and analysed under pre-
compression of 0.5 MPa to 4.0 MPa considering a single to three storey building walls. 
Base on the study presented in this chapter following conclusions are made; 
1. The structural level model results are comparable with prediction of material 
level models. 
2. In conventional masonry, diagonal shear failure can be achieved with or without 
pre-compression (
pc ). In case of high bond strength masonry shear wall, pre-
compression (
pc ) less than 1.5 MPa is not sufficient produce diagonal failure 
of wall to utilise the maximum in-plane shear strength. 
3. For all single storey high bond strength walls with aspect ratio (H/L) less than 
or equal to 0.80, the failure is mainly due to tensile and shear failure along the 
bottom joint for low pre-compression (
'0.15pc mf  ) and diagonal cracking with 
tensile uplift at heel for high pre-compression (
'0.15pc mf  ). For walls with 
aspect ratio less than or equal to 0.8, the in-plane shear capacity increase with 
increase in pre-compression up to '0.43 mf MPa but further increase in pre-
compression will reduce the in-plane shear capacity. 
4. To utilise the better strength capacity of high bond strength masonry shear 
walls, pre-compression more than '0.15 mf  MPa is desirable. Increasing pre-
compression more than '0.43 mf reduces the deformation capacity. 
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5. Number of stories in a system (building) does not affect the in-plane shear 
strength of the wall. 
6. A detailed design equation developed for high bond strength masonry wall 
considers pre-compression ( pc ), aspect ratio (H/L) and shear bond strength to 
conservatively predict the in-plane shear load. 
7. The simplified method predicts the in-plane shear strength of the wall more 
conservatively than the detailed method. 
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10. Conclusions and 
Recommendation 
 
10.1. Introduction 
This chapter presents the conclusion made based on the study reported in this thesis. 
The main objective of this study is to probe the behaviour, particularly the failure 
modes of high bond strength masonry shear walls.  
10.2. Summary 
The study hypothesised that increase in bond strengths might not proportionally 
increase the lateral load capacity of unreinforced high bond strength masonry shear 
walls as the mode of failure could well be modified compared to the low bond strength 
unreinforced conventional masonry shear walls. The hypothesis has been proved in 
affirmative through four modelling methods: 
(1) Interface element modelling method – a material level (micro) modelling 
approach in which the mortar joints and interfaces are modelled through a four 
nodded continuum element formulated specifically in this research. 
(2) Surface contact modelling method – a material level (micro) modelling 
approach in which the surfaces of the homogenised mortar joint – interface 
assembly have been formulated specifically in this research with nonlinear 
interaction of contacting surfaces. 
(3) A combined interface element – contact surface modelling method and 
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(4) A homogenised masonry material modelling method – also known as structural 
level (or, macro) modelling approach – in which the mortar joints and their 
interfaces are inherently assumed to be embedded in the masonry material 
failure surface and deformation characteristics. The biaxial failure surface of 
homogenised high bond strength masonry macro element required for the 
structural level modelling was predicted from the material level modelling. The 
interface element based material level model was used to develop the failure 
surface for high bond strength wallettes. 
The models have predicted the sliding and diagonal failure with tensile uplift at heel 
and compression crushing at toe.  
Limited experiments on full scale shear walls (constructed using half scale hollow 
blocks) carried out as part of the thesis also has confirmed the hypothesis and compared 
well with the predictions of the modelling methods. Three masonry shear walls, each 
2264 mm long, 1356 mm high, 90 mm thick and 31.5mm face-shell thickness were 
tested. One wall tested without pre-compression ( pc ) and last two walls were tested 
for pre-compression ( pc ) equal 0.5 MPa. To verify the masonry mechanical properties 
within the wall, another experimental program designed in which flexural bond strength 
(
'
mtf ), shear bond strength (
'
msf ), compression normal to bed joint ( cnf ) and 
compression parallel to bed joint ( cpf ) was investigated. 
This study also developed design equations of unreinforced high bond strength masonry 
with due consideration for the important material parameters ( 'mtf ,
'
msf ,
'
mf ), aspect ratio 
(H/L) and pre-compression ( pc ). These equations have been shown to conservatively 
predict the shear capacity of the high bond strength masonry shear walls. 
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10.3. Conclusions 
Based on the study presented in this dissertation, following major conclusions are 
made; 
1. The common perception of increase of lateral load capacity of unreinforced 
masonry shear wall with the increase in the tensile (
'
mtf ) and shear bond 
strengths (
'
msf ) of masonry is proved requiring further qualification (as potential 
change of mode of failure) in this thesis through four modelling methods and an 
experimental investigation. It is shown that high bond strength masonry shear 
walls may not proportionally increase its in-plane shear capacity  as its failure 
mode could change form diagonal cracking to base sliding, with the later being 
lower bound. 
2. Conventional masonry shear walls, with aspect ratio (H/L) less than 1, generally 
fail due to diagonal cracking. However, the high bond strength masonry shear 
walls fail due to base sliding when pre-compression (
pc ) is less than 
'0.15 mf . 
Only when the pre-compression is more than '0.15 mf , diagonal failure is evident 
in high bond strength masonry.  
The following specific conclusions are also made:  
1. The interface element formulated (Chapter 4 of this thesis) can replicate the 
behaviour of high bond strength masonry irrespective of whether the failure 
occurs through the mortar joints or a combination of mortar joints and masonry 
units; however, as this element is a continuum its predictions are governed by 
mesh distortion and hence large base sliding cannot be replicated purely based 
on this element. 
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2. The interface element developed with a direct integration scheme within the 
implicit finite element framework has shown that for numerical accuracy (error 
4% ) 
a. the largest size of element should be less than or equal to 100 mm (4 
elements in 390mm block) and  
b. the rate of loading should be less than or equal to 0.01mm/increment. 
3. The contact modelling method cannot predict compression failure in shear 
walls, although large sliding of base can be modelled with ease – a case that is 
problematic for the interface element modelling method. 
4. The explicit finite element model that incorporates the homogenised masonry 
properties work efficiently for walls on multilevel buildings. 
5. Behaviour of high bond strength masonry wallette is orthotropic in nature but 
the extent of this orthotropic behaviour in compression is not as significant as 
that for the conventional masonry. For high bond strength masonry, 
compressive strength normal to bed joint is 12% higher than that of the 
compressive strength parallel to bed joint  1.12cn cpf f and the tensile strength 
normal to bed joint is 45% higher than that of the tensile strength parallel to bed 
joint  1.45tp tnf f . The same for conventional masonry as found in the 
literature is quite different – for example,    2.33 & 1.72cn cp tp tnf f f f  . 
6. A crack visualisation model developed in MATLAB that uses the nodal and 
strain data from ABAQUS output can exhibit discrete cracks through the wall – 
along the inter-element boundaries (not through elements); this crack 
visualisation model overcome the inherent weakness in ABAQUS/CAE plots of 
results. 
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7. The formulae formulated for the design of unreinforced high bond strength 
masonry shear walls appear conservative, although the examples used to date 
are limited.  
10.4. Recommendations 
Following is a list of recommendations for future work: 
1. The high bond strength masonry wall performs better under high pre-
compression as shown in this thesis; therefore post-tensioning of thin layer high 
bond strength masonry may be considered. 
2. The performance of high bond strength masonry under cyclic and dynamic 
loading (shake table) should be carried out prior to adoption in high seismic 
zones. 
3. The design formulae require further examination for various practically relevant 
cases. The design formulae should be further developed to cover taller walls 
than the ones addressed in this thesis. 
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Appendix A: UMAT Subroutine for 
Element based Material Level Model 
 
The element base material level model is developed in UMAT Subroutine and attached 
to ABAQUS. Complete FORTRAN program is as follow; 
************************************************************************* 
**  UMAT, ABAQUS/Standard, Interface Element 
************************************************************************* 
** 
*user subroutine 
      subroutine umat(stress,statev,ddsdde,sse,spd,scd, 
     1 rpl,ddsddt,drplde,drpldt, 
     2 stran,dstran,time,dtime,temp,dtemp,predef,dpred,cmname, 
     3 ndi,nshr,ntens,nstatv,props,nprops,coords,drot,pnewdt, 
     4 celent,dfgrd0,dfgrd1,noel,npt,layer,kspt,kstep,kinc) 
c 
      INCLUDE 'ABA_PARAM.INC' 
c 
      CHARACTER*80 CMNAME, ST1 
c 
      double precision KNN, KSS, sigi, fc, sigm, sigf, kp, km, nst,  
     $      fig1, fig2, fig3, fig4, fig5, fig6, fig7, fig8 
c      
      dimension stress(ntens),statev(nstatv), 
     1 ddsdde(ntens,ntens),ddsddt(ntens),drplde(ntens), 
     2 stran(ntens),dstran(ntens),time(2),predef(1),dpred(1), 
     3 props(nprops),coords(3),drot(3,3),dfgrd0(3,3),dfgrd1(3,3) 
c 
      parameter (m=1,n=1,id=1,zero=0.d0,one=1.d0,two=2.d0,three=3.d0, 
     +          six=6.d0, nine=9.d0, toler=1.0d-12) 
c 
      dimension xiden(m,n),xnv(ntens),dpstran(ntens), xnve(ntens), 
     +          destran(ntens), dstress(ntens), 
     +          str(2,1),dstr(2,1), xndir(2,1), dyprod(2,2), 
     +          dv(2), dds(2,2), dprod(2), strc(2,1),dstrc(2,1) 
c 
******************************************************************** 
*********************          Reading material properties  ******************* 
******************************************************************** 
c 
      Eu = PROPS(1) 
      Eju = PROPS(2) 
      ft = PROPS(3) 
      Gfi = PROPS(4) 
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      fs = PROPS(5) 
      Gfii = PROPS(6) 
      hu = PROPS(7) 
      tj = PROPS(8) 
      XNUE = PROPS(9) 
      fcu = PROPS(10) 
      Gfc = PROPS(11) 
      XMUE = PROPS(12) 
c             
      KNN = (Eu*Eju/(Eu*(hu+tj)-Eju*hu)) 
      KNN = KNN-10*((tj/10)**3) 
      KSS = KNN/(2*(1+XNUE)) 
c 
******************************************************************** 
**********     Calculation of parameters for compression   ******************** 
******************************************************************** 
c 
      fcu = fcu-2*((tj/10)**3) 
      sigi = 0.45*fcu 
      fc = 0.60*fcu 
      sigm = sigi 
      sigf = fcu/10 
      kp = 0.8*fc/KNN 
      kp = kp 
      km = 3*kp 
c 
******************************************************************** 
**********     Creating zero matrix      ******************** 
******************************************************************** 
c 
      DO I=1,2 
      DO J=1,1 
        STR(I,J)=0.0 
      END DO 
      END DO 
      DO I=1,NTENS 
      DO J=1,NTENS 
      DDS(I,J)=0.0 
      END DO 
      END DO 
      DO I=1,NTENS 
       DO J=1,NTENS 
       DYPROD(I,J) = 0. 
       END DO 
      END DO 
c 
******************************************************************** 
**********     Set up elasticity matrix     *************** 
******************************************************************** 
c       
DO K1 = 1, 1 
         DO K2 = 1, 1 
           DDS(K2,K1) = KNN 
         END DO 
      END DO 
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        DDS(2,2) = KSS 
      IF (STRAN(1).GE.ZERO) then 
c 
******************************************************************** 
**********     Tension shear regime     ******************** 
******************************************************************** 
c 
      p = STATEV(1) 
      r = STATEV(2) 
      K1t = abs(STRAN(1)/(ft/KNN)) 
      K2t = abs(STRAN(2)/(fs/KSS)) 
c 
******************************************************************** 
**********     Defining identity matrix      ******************** 
******************************************************************** 
c 
      DO 50 I=1,1 
      DO 50 J=1,1 
          XIDEN(I,J)=1.0D0 
  50  CONTINUE 
c 
******************************************************************** 
**********     Writing stress matrix      ******************** 
******************************************************************** 
c  
      DO K = 1,1 
      STR(K,K) = STRESS(K) 
      END DO 
      STR(2,1) = STRESS(2) 
c 
******************************************************************** 
**********     Calculation of effective stress  ******************** 
******************************************************************** 
c  
      CALL KDEVIA(STR,XIDEN,DSTR)  
      CALL KEFFP(DSTR,PJ) 
      IF (K1t.GE.K2t) THEN       
c 
******************************************************************** 
**********     Check tension failure condition  ******************** 
******************************************************************** 
c 
      h = (-(ft**2)/Gfi)*exp(-ft*STATEV(1)/Gfi) 
      ZY = PJ - r - ft 
      DLAMBDA = 0. 
      IF (ZY.GT.0.) THEN 
c 
******************************************************************** 
**********     Update Jacobian   ******************** 
******************************************************************** 
c 
      DO I=1,2 
      DO J=1,1 
      XNDIR(I,J) = DSTR(I,J)/PJ 
      END DO 
      
 
| Appendix A: UMAT Subroutine for Element based Material Level Model 236 
 
      END DO 
c 
      DO K = 1,1 
      XNV(K) = XNDIR(K,K) 
      END DO 
      XNV(2) = 2*XNDIR(2,1) 
c             
      STATEV(5)=abs(XNV(1)) 
      STATEV(6) = abs(XNV(2))       
c 
      CALL KMLT1(DDS,DSTRAN,DV,NTENS) 
      CALL DOTPROD(DV,XNV,TERM1,NTENS) 
      CALL KMLT1(DDS,XNV,DV,NTENS) 
      CALL DOTPROD(XNV,DV,TERM2,NTENS) 
      TERM3 = h 
      DLAMBDA = DABS(TERM1/(TERM2+TERM3)) 
      END IF 
c 
      DO K = 1,2 
      DPSTRAN(K)=DLAMBDA*XNV(K) 
      END DO 
c 
      DO K=1,2 
      DESTRAN(K)=DSTRAN(K)-DPSTRAN(K) 
      END DO 
c 
       CALL KMLT1(DDS,DESTRAN,DSTRESS,NTENS) 
c 
       DO K = 1,NTENS 
       STRESS(K) = STRESS(K) + DSTRESS(K) 
       END DO 
c        
       p = p + DLAMBDA 
       r = r + h*DLAMBDA 
c 
       STATEV(1) = p 
       STATEV(2) = r 
c 
      IF (ZY.GT.0.) THEN 
      CALL KMLT1(DDS,XNV,DPROD,NTENS) 
      CALL DOTPROD(XNV,DPROD,XNDN,NTENS) 
      HARD = XNDN+h 
      CALL DYADICPROD(DPROD,DPROD,DYPROD,NTENS) 
      DO I=1,2 
       DO J=1,2 
        DYPROD(I,J) = DYPROD(I,J)/HARD 
       END DO 
      END DO 
      END IF 
c 
      DO I=1,2 
       DO J=1,2 
       DDSDDE(I,J) = DDS(I,J) - DYPROD(I,J) 
       END DO 
      END DO 
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c 
******************************************************************** 
**********     Check shear failure  ******************** 
******************************************************************** 
c 
      ELSEIF (K1t.LT.K2t) then 
      h = (-(fs**2)/Gfii)*exp(-fs*STATEV(1)/Gfii) 
      ZY = PJ - r - fs 
      DLAMBDA = 0. 
c 
******************************************************************** 
**********     Update Jacobian  ******************** 
******************************************************************** 
c 
      IF (ZY.GT.0.) THEN 
      DO I=1,2 
      DO J=1,1 
      XNDIR(I,J) = DSTR(I,J)/PJ 
      END DO 
      END DO 
c 
      DO K = 1,1 
      XNV(K) = XNDIR(K,K) 
      END DO 
      XNV(2) = 2*XNDIR(2,1) 
c             
      STATEV(5)=abs(XNV(1)) 
      STATEV(6) = abs(XNV(2))       
c 
      CALL KMLT1(DDS,DSTRAN,DV,NTENS) 
      CALL DOTPROD(DV,XNV,TERM1,NTENS) 
      CALL KMLT1(DDS,XNV,DV,NTENS) 
      CALL DOTPROD(XNV,DV,TERM2,NTENS) 
      TERM3 = h 
      DLAMBDA = DABS(TERM1/(TERM2+TERM3)) 
      END IF 
c 
      DO K = 1,2 
      DPSTRAN(K)=DLAMBDA*XNV(K) 
      END DO       
      STATEV(7) = K1+DPSTRAN(1) 
      STATEV(8) = K2+DPSTRAN(2)       
      DO K=1,2 
      DESTRAN(K)=DSTRAN(K)-DPSTRAN(K) 
      END DO 
c 
      CALL KMLT1(DDS,DESTRAN,DSTRESS,NTENS) 
       DO K = 1,NTENS 
       STRESS(K) = STRESS(K) + DSTRESS(K) 
       END DO 
       p = p + DLAMBDA 
       r = r + h*DLAMBDA 
       STATEV(1) = p 
       STATEV(2) = r 
      IF (ZY.GT.0.) THEN 
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      CALL KMLT1(DDS,XNV,DPROD,NTENS) 
      CALL DOTPROD(XNV,DPROD,XNDN,NTENS) 
c 
      HARD = XNDN+h 
c 
      CALL DYADICPROD(DPROD,DPROD,DYPROD,NTENS) 
      DO I=1,2 
       DO J=1,2 
        DYPROD(I,J) = DYPROD(I,J)/HARD 
       END DO 
      END DO 
      END IF 
c 
      DO I=1,2 
       DO J=1,2 
       DDSDDE(I,J) = DDS(I,J) - DYPROD(I,J) 
       END DO 
      END DO  
      END IF 
c 
      Elseif (STRAN(1).LT.ZERO) then 
      K1c = abs(STRAN(1)/(fc/KNN)) 
      K2c = abs(STRAN(2)/(fs/KSS)) 
      DO 500 I=1,1 
      DO 500 J=1,1 
          XIDEN(I,J)=1.0D0 
  500  CONTINUE 
      DO K = 1,1 
      STR(K,K) = STRESS(K) 
      END DO 
      STR(2,1) = STRESS(2) 
c 
      CALL KDEVIA(STR,XIDEN,DSTR)  
      PJ = DSTR(2,1)-XMUE*DSTR(1,1) 
      IF (K1c.GE.K2c) THEN 
      pc = STATEV(3) 
      rc = STATEV(4) 
c 
******************************************************************** 
**********     Check compression failure  ******************** 
******************************************************************** 
c 
      ZY = abs(STRESS(1)) - rc - sigi 
      DLAMBDA = 0. 
c 
******************************************************************** 
**********     Update Jacobian  ******************** 
******************************************************************** 
c 
      IF (ZY.GT.0.) THEN 
      if (pc.EQ.0.00) then 
      hc = KNN 
      Else 
      if (abs(pc).LT.kp.and.abs(pc).LT.km) then 
      fig1 = 0.5*(fc-sigi) 
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      fig2 = ((2*pc/kp)-((pc**2)/(kp**2)))**(-0.5) 
      fig3 = (2/kp)-((2*pc)/(kp**2)) 
      fig4 = fig1*fig2*fig3 
      hc = fig4 
      elseif (abs(pc).GE.kp.and.abs(pc).LT.km) then 
      fig5 = 2*(sigm-fc) 
      fig6 = (pc-kp)/(km-kp) 
      fig7 = 1/(km-kp) 
      fig8 = fig5*fig6*fig7 
      hc = fig8 
      elseif (abs(pc).GE.kp.and.abs(pc).GE.km) then 
      fig9 = 2*(sigm-fc)/(km-kp) 
      fig10 = exp(fig9*(pc-km)/(sigm-sigf)) 
      hc = fig9*fig10 
      end if 
      if (hc.GT.KNN) then 
      hc = KNN 
      else 
      hc = hc 
      end if 
      end if 
c 
      DO I=1,2 
      DO J=1,1 
      XNDIR(I,J) = DSTR(I,J)/PJ 
      END DO 
      END DO 
c 
      DO K = 1,1 
      XNV(K) = XNDIR(K,K) 
      END DO 
      XNV(2) = 2*XNDIR(2,1) 
c 
      STATEV(5)=abs(XNV(1)) 
      STATEV(6) = abs(XNV(2)) 
c 
      CALL KMLT1(DDS,DSTRAN,DV,NTENS) 
      CALL DOTPROD(DV,XNV,TERM1,NTENS) 
      CALL KMLT1(DDS,XNV,DV,NTENS) 
      CALL DOTPROD(XNV,DV,TERM2,NTENS) 
      TERM3 = hc 
      DLAMBDA = DABS(TERM1/(TERM2+TERM3)) 
      END IF 
c 
      DO K = 1,2 
      DPSTRAN(K)=DLAMBDA*XNV(K) 
      END DO 
c 
      DO K=1,2 
      DESTRAN(K)=DSTRAN(K)-DPSTRAN(K) 
      END DO 
c 
       CALL KMLT1(DDS,DESTRAN,DSTRESS,NTENS) 
c 
       DO K = 1,NTENS 
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       STRESS(K) = STRESS(K) + DSTRESS(K) 
       END DO 
c        
       pc = pc + DLAMBDA 
       rc = rc + hc*DLAMBDA 
c 
 
       STATEV(3) = pc 
       STATEV(4) = rc 
c 
      IF (ZY.GT.0.) THEN 
      CALL KMLT1(DDS,XNV,DPROD,NTENS) 
      CALL DOTPROD(XNV,DPROD,XNDN,NTENS) 
c 
      HARD = XNDN+hc 
c 
      CALL DYADICPROD(DPROD,DPROD,DYPROD,NTENS) 
      DO I=1,2 
       DO J=1,2 
        DYPROD(I,J) = DYPROD(I,J)/HARD 
       END DO 
      END DO 
      END IF 
c 
      DO I=1,2 
       DO J=1,2 
       DDSDDE(I,J) = DDS(I,J) - DYPROD(I,J) 
       END DO 
      END DO 
c 
******************************************************************** 
**********     Shear failure  ******************** 
******************************************************************** 
c 
      ELSEIF (K1c.LT.K2c) then 
c       
      p = STATEV(1) 
      r = STATEV(2) 
c 
      Gfiim = Gfii-0.13*STRESS(1) 
      if (Gfiim.GT.STATEV(9)) then 
      Gfii = Gfiim 
      else 
      Gfii = STATEV(9) 
      end if 
      STATEV(9) = Gfii 
c 
      h = (-(fs**2)/Gfii)*exp(-fs*STATEV(1)/Gfii) 
c  
      ZY = abs(STRESS(2)) - r - fs-abs(XMUE*STRESS(1)) 
c 
      DLAMBDA = 0. 
c 
******************************************************************** 
**********     Update Jacobian  ******************** 
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******************************************************************** 
c 
      IF (ZY.GT.0.) THEN 
      DO I=1,2 
      DO J=1,1 
      XNDIR(I,J) = DSTR(I,J)/PJ 
      END DO 
      END DO 
c 
      DO K = 1,1 
      XNV(K) = XNDIR(K,K) 
      END DO 
      XNV(2) = 2*XNDIR(2,1) 
c 
             
      STATEV(5)=abs(XNV(1)) 
      STATEV(6) = abs(XNV(2))       
c 
      CALL KMLT1(DDS,DSTRAN,DV,NTENS) 
      CALL DOTPROD(DV,XNV,TERM1,NTENS) 
      CALL KMLT1(DDS,XNV,DV,NTENS) 
      CALL DOTPROD(XNV,DV,TERM2,NTENS) 
      TERM3 = h 
      DLAMBDA = DABS(TERM1/(TERM2+TERM3)) 
      END IF 
c 
      DO K = 1,2 
      DPSTRAN(K)=DLAMBDA*XNV(K) 
      END DO 
c 
      STATEV(7) = K1+DPSTRAN(1) 
      STATEV(8) = K2+DPSTRAN(2)       
c 
      DO K=1,2 
      DESTRAN(K)=DSTRAN(K)-DPSTRAN(K) 
      END DO 
c 
       CALL KMLT1(DDS,DESTRAN,DSTRESS,NTENS) 
c 
       DO K = 1,NTENS 
       STRESS(K) = STRESS(K) + DSTRESS(K) 
       END DO 
c        
       p = p + DLAMBDA 
       r = r + h*DLAMBDA 
c 
       STATEV(1) = p 
       STATEV(2) = r 
c 
      IF (ZY.GT.0.) THEN 
      CALL KMLT1(DDS,XNV,DPROD,NTENS) 
      CALL DOTPROD(XNV,DPROD,XNDN,NTENS) 
      HARD = XNDN+h 
c 
      CALL DYADICPROD(DPROD,DPROD,DYPROD,NTENS) 
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      DO I=1,2 
       DO J=1,2 
        DYPROD(I,J) = DYPROD(I,J)/HARD 
       END DO 
      END DO 
      END IF 
c 
      DO I=1,2 
       DO J=1,2 
       DDSDDE(I,J) = DDS(I,J) - DYPROD(I,J) 
       END DO 
      END DO 
      END IF 
      End IF 
1000  RETURN 
      END 
** 
*********************************************************************** 
********************           UTILITY    SUBROUTINES  *************** 
*********************************************************************** 
c 
c 
*************************************************** 
**         MULTIPLY 4X4 MATRIX WITH 4X1 VECTOR    * 
*************************************************** 
*USER SUBROUTINE 
      SUBROUTINE KMLT1(DM1,DM2,DM,NTENS) 
c       
      INCLUDE 'ABA_PARAM.INC' 
      PARAMETER (M=2) 
      DIMENSION DM1(M,M),DM2(M),DM(M) 
c 
      DO 10 I=1,NTENS 
      X=0.0 
      DO 20 K=1,NTENS  
      Y=DM1(I,K)*DM2(K) 
      X=X+Y 
20    CONTINUE 
      DM(I)=X 
10    CONTINUE 
      RETURN 
      END 
** 
** 
*************************************** 
**          EFFECTIVE STRESS          ******** 
*************************************** 
*USER SUBROUTINE 
      SUBROUTINE KEFFP(EFF1,VAL1) 
      INCLUDE 'ABA_PARAM.INC' 
      PARAMETER (M=2,N=1) 
      DIMENSION EFF1(M,N) 
c 
      X=0.0 
      DO 10 I=1,M 
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      DO 10 J=1,N 
       X=X+EFF1(I,J)*EFF1(I,J) 
10    CONTINUE 
       X = abs(X) 
      IF(X .LE. 0.0) GO TO 20  
      VAL1=SQRT(X) 
20    RETURN 
      END 
 
*************************************** 
**          EFFECTIVE STRESS          ******** 
*************************************** 
*USER SUBROUTINE 
      SUBROUTINE KEFFPC(EFF1,XMUE,VAL1) 
      INCLUDE 'ABA_PARAM.INC' 
      PARAMETER (M=2,N=1) 
      DIMENSION EFF1(M,N) 
      VAL1 = abs(EFF1(2,1)-XMUE*EFF1(1,1)) 
20    RETURN 
      END 
******************************************** 
**         DOT PRODUCT OF TWO VECTORS      * 
******************************************** 
*USER SUBROUTINE 
      SUBROUTINE DOTPROD(DM1,DM2,DM,NTENS) 
      INCLUDE 'ABA_PARAM.INC' 
      DIMENSION DM1(2),DM2(2) 
      Y=0.0 
      DO 20 K=1,NTENS  
      X=DM1(K)*DM2(K) 
      Y=X+Y 
   20 CONTINUE 
      DM=Y 
      RETURN 
      END 
******************************************************* 
**     DYADICPROD PRODUCT OF TWO VECTORS      ****** 
******************************************************* 
*USER SUBROUTINE 
      SUBROUTINE DYADICPROD(DM1,DM2,DM3,NTENS) 
      INCLUDE 'ABA_PARAM.INC' 
      DIMENSION DM1(2),DM2(2),DM3(2,2) 
      DO I=1,2 
       DO J=1,2 
        DM3(I,J) = DM1(I)*DM2(J) 
       END DO 
      END DO 
      RETURN 
      END 
** 
***************************************************** 
**   DEVIATORIC STRESS CALCULATION    ************ 
***************************************************** 
*USER SUBROUTINE 
      SUBROUTINE KDEVIA(STRSS,XIDENTY,DEVITO)       
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      INCLUDE 'ABA_PARAM.INC' 
      PARAMETER (M=2,N=1) 
      DIMENSION STRSS(M,N),XIDENTY(M,N),DEVITO(M,N) 
      X=0.0 
      DO 10 I=1,M 
      DO 10 J=1,N 
      IF(I .EQ. J) THEN 
      X=X+STRSS(I,J) 
      ELSE 
      END IF 
10    CONTINUE 
      DO 20 I=1,M 
      DO 20 J=1,N 
      IF(I .EQ. J) THEN 
        DEVITO(I,J)=STRSS(I,J) 
      ELSE 
        DEVITO(I,J)=STRSS(I,J) 
      END IF 
20    CONTINUE 
      RETURN 
      END 
***************************************************** 
***   END     *** 
***************************************************** 
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Appendix B: Crack Visualisation 
MATLAB Programs 
 
There are two models prepared for crack visualisation. First one is for material level 
crack visualisation and used only when there are zero thickness interface element used 
and failure through masonry units is expected. 
 
Material Level Crack Visualisation Model 
%%%%    Start   %%%%% 
clear all 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Input strain scales 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
sscale1 = input(' Enter Horizontal Strain Scale         '); 
sscale2 = input(' Enter Vertical Strain Scale           '); 
sscale3 = input(' Enter Shear Strain Scale              '); 
limstranE12 = input(' Enter failure strain Limit        '); 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Input displacement scales 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
nscale1 = input(' Enter Horizontal Nodal Displacement Scale '); 
nscale2 = input(' Enter Vertical Nodal Displacement Scale '); 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Read node and mesh information of model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
load Node1.inp 
load Element1.inp 
for i = 1:1:size(Element1,1) 
    Elem(i) = Element1(i,1); 
    Rect_Nod1(i) = Element1(i,2); 
    Rect_Nod2(i) = Element1(i,3); 
    Rect_Nod3(i) = Element1(i,4); 
    Rect_Nod4(i) = Element1(i,5); 
    for j = 1:1:size(Node1,1) 
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        Nod(j) = Node1(j,1); 
        if Nod(j)== Rect_Nod1(i) 
            x1(Elem(i),1) = Node1(j,2); 
            y1(Elem(i),1) = Node1(j,3); 
        elseif Nod(j)== Rect_Nod2(i) 
            x2(Elem(i),2) = Node1(j,2); 
            y2(Elem(i),2) = Node1(j,3); 
        elseif Nod(j)== Rect_Nod3(i) 
            x3(Elem(i),3) = Node1(j,2); 
            y3(Elem(i),3) = Node1(j,3); 
        elseif Nod(j)== Rect_Nod4(i) 
            x4(Elem(i),4) = Node1(j,2); 
            y4(Elem(i),4) = Node1(j,3); 
        end 
    end 
end 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Print undeformed shape of model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
figure(1) 
hold on 
for i = 1:1:size(Element1,1);  
    vert = [x1(Elem(i),1) y1(Elem(i),1) 0; x2(Elem(i),2) y2(Elem(i),2) 
0;... 
        x3(Elem(i),3) y3(Elem(i),3) 0; x4(Elem(i),4) y4(Elem(i),4) 0]; 
    fac = [1 2 3 4]; 
    patch('Faces',fac,'Vertices',vert,'FaceColor',[0 ,1 ,0 ]); 
end 
hold on 
%Limiting the size of plot 
xlim([-500 2700]); 
ylim([-200, 2000]); 
hold off 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Read elemental strains from data output 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
load Ftn1E11.rpt 
load Ftn1E22.rpt 
load Ftn1E12.rpt 
load ELEME11.csv 
load ELEME22.csv 
load ELEME12.csv 
%%%%%%%%%%%%%%%%%%%% 
dE11 = size(Ftn1E11); 
dxE11 = dE11(1,2); 
dyE11 = dE11(1,1); 
dE22 = size(Ftn1E22); 
dxE22 = dE22(1,2); 
dyE22 = dE22(1,1); 
dE12 = size(Ftn1E12); 
dxE12 = dE12(1,2); 
dyE12 = dE12(1,1); 
%%%%%%%%%%%%%%%%%%%% 
dELEME11 = size(ELEME11); 
dxEE11 = dELEME11(1,2); 
dyEE11 = dELEME11(1,1); 
dELEME22 = size(ELEME22); 
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dxEE22 = dELEME22(1,2); 
dyEE22 = dELEME22(1,1); 
dELEME12 = size(ELEME12); 
dxEE12 = dELEME12(1,2); 
dyEE12 = dELEME12(1,1); 
XEN(size(Element1,1))=0; 
for i = 1:1:dxE11-1; 
    XEN(i) = ELEME11(1,i); 
end 
i=0; 
YEN(size(Element1,1))=0; 
for j = 1:1:dxE22-1; 
    YEN(j) = ELEME22(1,j); 
end 
j=0; 
XYEN(size(Element1,1))=0; 
for j = 1:1:dxE12-1; 
    XYEN(j) = ELEME12(1,j); 
End 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Scale the deformations for better visualisation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
j=0; 
E11(size(Node1,1))=0; 
for i = 1:1:dxE11-1; 
    E11(XEN(i)) = sscale1*Ftn1E11(dyE11,i+1); 
end 
i=0; 
E22(size(Node1,1))=0; 
for i = 1:1:dxE22-1; 
    E22(YEN(i)) = sscale2*Ftn1E22(dyE22,i+1); 
end 
E12(size(Node1,1))=0; 
for i = 1:1:dxE12-1; 
    if abs(Ftn1E12(dyE12,i+1)) >= limstranE12 
        E12(XYEN(i)) = sscale3*Ftn1E12(dyE12,i+1); 
    else 
        E12(XYEN(i)) = 0; 
    end 
end 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Draw deformed shape measurement 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
figure(2) 
hold on 
for i = 1:1:size(Element1,1);  
    vert = [x1(Elem(i),1)+E11(Elem(i)) y1(Elem(i),1)+E22(Elem(i)) 
0;... 
        x2(Elem(i),2)+E11(Elem(i)) y2(Elem(i),2)+E22(Elem(i)) 0;... 
        x3(Elem(i),3)+E11(Elem(i)) y3(Elem(i),3)+E22(Elem(i)) 0;... 
        x4(Elem(i),4)+E11(Elem(i)) y4(Elem(i),4)+E22(Elem(i)) 0]; 
    fac = [1 2 3 4]; 
    patch('Faces',fac,'Vertices',vert,'FaceColor',[0 ,1 ,0 ]); 
end 
i=0; 
hold on 
%Limiting the size of plot 
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xlim([-500 2700]); 
ylim([-200, 2000]); 
hold off 
figure(3) 
hold on 
for i = 1:1:size(Element1,1);  
    vert = [x1(Elem(i),1)+E12(Elem(i)) y1(Elem(i),1)+E12(Elem(i)) 
0;... 
        x2(Elem(i),2)+E12(Elem(i)) y2(Elem(i),2)+E12(Elem(i)) 0;... 
        x3(Elem(i),3)+E12(Elem(i)) y3(Elem(i),3)+E12(Elem(i)) 0;... 
        x4(Elem(i),4)+E12(Elem(i)) y4(Elem(i),4)+E12(Elem(i)) 0]; 
    fac = [1 2 3 4]; 
    patch('Faces',fac,'Vertices',vert,'FaceColor',[0 ,1 ,0 ]); 
end 
i=0; 
hold on 
%Limiting the size of plot 
xlim([-500 2700]); 
ylim([-200, 2000]); 
hold off 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Read nodal displacements 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
load JD4U1.rpt 
load JD4U2.rpt 
load NNU2.csv 
UNode(1:size(Node1,1)) = 0; 
U1(1:size(Node1,1)) = 0; 
U2(1:size(Node1,1)) = 0; 
for k = 1:1:size(NNU2,2); 
    UNode(k) = NNU2(1, k); 
    U1(UNode(k))= JD4U1(size(JD4U1,1), k+1); 
    U2(UNode(k))= JD4U2(size(JD4U2,1), k+1); 
end 
xd1(size(Node1,1),1) = 0; 
yd1(size(Node1,1),1) = 0; 
xd2(size(Node1,1),2) = 0; 
yd2(size(Node1,1),2) = 0; 
xd3(size(Node1,1),3) = 0; 
yd3(size(Node1,1),3) = 0; 
xd4(size(Node1,1),4) = 0; 
yd4(size(Node1,1),4) = 0; 
for i = 1:1:size(Element1,1) 
    Elem(i) = Element1(i,1); 
    Rect_Nod1(i) = Element1(i,2); 
    Rect_Nod2(i) = Element1(i,3); 
    Rect_Nod3(i) = Element1(i,4); 
    Rect_Nod4(i) = Element1(i,5); 
    for j = 1:1:size(Node1,1) 
        Nod(j) = Node1(j,1); 
        if UNode(j)== Rect_Nod1(i) 
            xd1(Elem(i),1) = nscale1*U1(UNode(j)); 
            yd1(Elem(i),1) = nscale2*U2(UNode(j)); 
        elseif UNode(j)== Rect_Nod2(i) 
            xd2(Elem(i),2) = nscale1*U1(UNode(j)); 
            yd2(Elem(i),2) = nscale2*U2(UNode(j)); 
        elseif UNode(j)== Rect_Nod3(i) 
            xd3(Elem(i),3) = nscale1*U1(UNode(j)); 
            yd3(Elem(i),3) = nscale2*U2(UNode(j)); 
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        elseif UNode(j)== Rect_Nod4(i) 
            xd4(Elem(i),4) = nscale1*U1(UNode(j)); 
            yd4(Elem(i),4) = nscale2*U2(UNode(j)); 
        end 
    end 
end 
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Draw deformed and displaced shape 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 
figure(4) 
hold on 
for i = 1:1:size(Element1,1);  
    vert = [x1(Elem(i),1)+xd1(Elem(i),1)+E12(Elem(i)) 
y1(Elem(i),1)+yd1(Elem(i),1)++E12(Elem(i)) 0;... 
        x2(Elem(i),2)+xd1(Elem(i),1)+E12(Elem(i)) 
y2(Elem(i),2)+yd1(Elem(i),1)+E12(Elem(i)) 0;... 
        x3(Elem(i),3)+xd1(Elem(i),1)+E12(Elem(i)) 
y3(Elem(i),3)+yd1(Elem(i),1)+E12(Elem(i)) 0;... 
        x4(Elem(i),4)+xd1(Elem(i),1)+E12(Elem(i)) 
y4(Elem(i),4)+yd1(Elem(i),1)+E12(Elem(i)) 0]; 
    fac = [1 2 3 4]; 
    patch('Faces',fac,'Vertices',vert,'FaceColor',[0 ,1 ,0 ]); 
end 
hold on 
%Limiting the size of plot 
xlim([-500 2700]); 
ylim([-200, 2000]); 
hold off 
 
%%%%    End   %%%%% 
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Structural Level Crack Visualisation Model 
 
%%%%   Start     %%%% 
 
clear all 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Input data 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
layers = input('no of macro courses  ');          
brick_ht = input('Height of macro element  '); 
Hscal = input('HScale  '); 
Vscal = input('VScale  '); 
pics = input('no of frames  '); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Read wall geometry 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
load Brick.txt 
for i = 1:1:size(Brick,1); 
    for j = 1:1:4; 
    coord(i,j) = Brick(i,j); 
    end 
    bricks = i; 
end 
wall_width = coord(i,1); 
inc = 0; 
for i = 1:1:layers; 
    inc = inc + brick_ht; 
    for j = 1:1:bricks; 
        coord(i*bricks+j,1)=coord(j,1); 
        coord(i*bricks+j,2)=coord(j,2)+inc; 
        coord(i*bricks+j,3)=coord(j,3); 
        coord(i*bricks+j,4)=coord(j,4); 
    end 
end 
wall_ht = inc+brick_ht; 
tot_brick = layers*bricks; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Draw undeformed shape 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(1) 
hold on 
for i = 1:1:tot_brick; 
rectangle('Position',[coord(i,1),coord(i,2),coord(i,3),coord(i,4)],'Cu
rvature',[0,0],'LineWidth',0.01,'LineStyle','-','Facecolor',[0 ,1 ,0 
]) 
hold on 
end 
xlim([-250,wall_width+500]); 
ylim([-250,wall_ht+250]); 
title('Masonry Shear Wall before 
Test','Fontsize',30,'Fontweight','bold') 
file_name=[num2str(1) '.jpg']; 
saveas(gcf,file_name); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Read nodal displacement 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
load U1.rpt 
load U2.rpt 
for i = 1:1:size(U1,1); 
    for j = 2:1:tot_brick+1; 
        dx(i,j-1) = Hscal*U1(i,j); 
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        dy(i,j-1) = Vscal*U2(i,j); 
    end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Draw deformed shape 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
steps = size(U1,1); 
for i = steps:1:steps; 
    figure(i) 
    for j = 1:1:tot_brick; 
        
rectangle('Position',[coord(j,1)+(dx(i,j)),coord(j,2)+(dy(i,j)),coord(
j,3),coord(j,4)],'Curvature',[0,0],'LineWidth',0.01,'LineStyle','-
','Facecolor',[0 ,1 ,0 ]); 
        hold on 
    end 
    xlim([-250,wall_width+500]); 
    ylim([-250,wall_ht+250]); 
    title('Masonry Wall During Monotonic 
Test','Fontsize',30,'Fontweight','bold') 
    file_name=[num2str(100+i) '.jpg']; 
    saveas(gcf,file_name); 
end 
 
1. %%%%     End     %%%% 
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Appendix C: Uinter Subroutine for 
Contact Based Material Level Model 
 
The contact base material level model is developed in Uinter Subroutine and attached to 
ABAQUS. Complete FORTRAN program is as follow;  
      subroutine uinter(stress,ddsddr,flux,ddfddt,ddsddt,ddfddr, 
     1     statev,sed,sfd,spd,svd,scd,pnewdt,rdisp,drdisp, 
     2     temp,dtemp,predef,dpred,time,dtime,ciname,slname,msname, 
     3     props,coords,aLocalDir,drot,area,chrLngth,node,ndir,nstatv, 
     4     npred,nprops,mcrd,kstep,kinc,kit,linper,lOpenClose, 
     5     lState,lSdi,lPrint) 
c  
      include 'aba_param.inc' 
c  
      dimension stress(ndir),ddsddr(ndir,ndir),flux(2),ddfddt(2,2), 
     $     ddsddt(ndir,2),ddfddr(2,ndir),statev(nstatv),rdisp(ndir), 
     $     drdisp(ndir),temp(2),dtemp(2),predef(2,npred),dpred(2,npred), 
     $     time(2),props(nprops),coords(mcrd),aLocalDir(mcrd,mcrd), 
     $     drot(2,2) 
c 
      character*80 ciname,slname,msname 
      parameter(toler = 1.D-12,zero = 0.d0, one = 1.d0, two=2.d0, 
     $     half = one/two) 
c 
************************************************************************* 
*******     User defined interfacial constitutive behaviour for masonry       ****** 
************************************************************************* 
c 
c 
************************************************************************* 
***************   Reading Material properties from input file   ******************* 
************************************************************************* 
c 
      Eu = props(1) 
      Em = props(2) 
      Gu = props(3) 
      Gm = props(4) 
      fcu = props(5) 
      ec = props(6) 
      gfc = props(7) 
      ft = props(8) 
      gfi = props(9) 
      fs = props(10) 
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      es = props(11) 
      gfii = props(12) 
      hu = props(13) 
      tj = props(14) 
      us = props(15) 
c 
************************************************************************* 
************          Reading data from current Abaqus iteration  ************ 
************************************************************************* 
c 
      li = chrlngth 
      dn = rdisp(1) 
      dx = rdisp(2) 
      sigma = stress(1) 
      shear = stress(2) 
c 
************************************************************************* 
************                 Reading data from Abaqus         ******************* 
************************************************************************* 
c 
 
      fteps = statev(1) 
      fseps = statev(2) 
      fceps = statev(3) 
c 
************************************************************************* 
***         Initial calculation based on material and current geometry of model         *** 
************************************************************************* 
c 
      hc = (hu+tj) 
      gfi = gfi*tj 
      gfii = gfii*li 
      gfc = gfc*hc 
c 
*********************************** 
***   Stiffness calculation     *** 
*********************************** 
c       
      stiffEeq = (Eu*Em*hc)/(Eu*tj+Em*hu) 
      stiffE = stiffEeq*1000/tj 
      stiffGeq = (Gu*Gm*hc)/(Gu*tj+Gm*hu) 
      stiffG = stiffGeq*1000/tj 
c 
*********************************** 
*** Displacement calculation   *** 
*********************************** 
c       
      crkdispnt = ft/stiffE 
      ultdispnt = 40*crkdispnt 
      crkdispx = li*es 
      ultdispx = 40*crkdispx   
c 
************************************************************************* 
*********************        Defining initial stiffness         ******************* 
************************************************************************* 
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c 
      ddsddr(1,1) = stiffE 
      ddsddr(1,2) = 0 
      ddsddr(2,1) = 0 
      ddsddr(2,2) = stiffG 
c 
************************************************************************* 
*********************        Defining local variables        ********************** 
************************************************************************* 
c 
      dp = zero 
      ds = zero 
c 
************************************************************************* 
*********************   Printing Loading Step and Loading Increment       ********* 
************************************************************************* 
c 
      print *, kstep, kinc 
c 
************************************************************************* 
*********************     Defining Compression-Shear Regime       ********* 
************************************************************************* 
c       
      if ( rdisp(1) .ge. toler) then 
      print *, "Compression Regime"  
      lOpenClose = 1    !Crack Status 
c 
************************************************************************* 
********    Defining Compression Response in Compression Shear Regime     *** 
************************************************************************* 
c 
 
 
********************************************** 
***  Parameters for compression response   *** 
********************************************** 
c      
      crkdispnc = tj*ec 
      crkdispnco = 0.35*tj*ec 
      ultdispnc = 4*crkdispnc 
      fmb = 0.2*fcu+4 
      fc = fmb+(fcu/fmb)*(exp(-1*(tj**4)/1000)) 
      Ec = stiffE 
      Eo = fc/crkdispnc 
      Fcf= 0.20*fc 
      Rec = Ec/Eo 
      Re = ultdispnc/crkdispnc 
      Rsig = fc/Fcf 
      R = (Rec*(Rsig-1)/((Re-1)**2))-1/Re 
      term2 = 2*R-1 
 
c 
********************************************************** 
***  Definig Elastic and Hardening under Compression   *** 
********************************************************** 
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c 
 
      if (statev(8).GE.gfc) then 
      print *, "Compression energy fully consumed" 
      return 
      elseif (statev(8).LT.gfc) then 
      if (abs(dn).LT.crkdispnc.and.abs(dn).LT.ultdispnc) then 
 
c 
*********************************** 
***  Definig Elastic Compression*** 
*********************************** 
c 
 
      if (abs(rdisp(1)).lt.crkdispnco) then 
       print *, "Initial Compression" 
       fig1 = Ec*(abs(dn)) 
       fig2 = 1+(R+Rec-2)*(abs(dn)/crkdispnc) 
       fig3 = term2*((abs(dn)/crkdispnc)**2) 
       fig4 = R*((abs(dn)/crkdispnc)**3) 
       stress(1) = 1*fig1/(fig2-fig3+fig4) 
       ddsddr(1,1) = Ec 
 
c 
*************************************** 
***  Definig Compression Hardening  *** 
*************************************** 
c 
 
      elseif (abs(rdisp(1)).ge.crkdispnco) then 
       print *, "Compression is elastic" 
       fig1 = Ec*(abs(dn)) 
       fig2 = 1+(R+Rec-2)*(abs(dn)/crkdispnc) 
       fig3 = term2*((abs(dn)/crkdispnc)**2) 
       fig4 = R*((abs(dn)/crkdispnc)**3) 
       stress(1) = 1*fig1/(fig2-fig3+fig4) 
       ddsddr(1,1) = abs(stress(1))/abs(rdisp(1)) 
      end if 
 
c 
*************************************** 
***  Definig Compression Softening  *** 
*************************************** 
c       
 
      elseif (abs(dn).GT.crkdispnc.and.abs(dn).LT.ultdispnc) then 
       print *, "Compression softening" 
       fig1 = Ec*(abs(dn)) 
       fig2 = 1+(R+Rec-2)*(abs(dn)/crkdispnc) 
       fig3 = term2*((abs(dn)/crkdispnc)**2) 
       fig4 = R*((abs(dn)/crkdispnc)**3) 
       stress(1) = 1*fig1/(fig2-fig3+fig4) 
       ddsddr(1,1) = stress(1)/abs(dn) 
 
c 
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*************************************** 
***  Definig Residual Compression   *** 
*************************************** 
c        
       elseif (abs(dn).GE.crkdispnc.and.abs(dn).GE.ultdispnc) then 
       print *, "Residual compressive stress Only" 
       stress(1) = 0.20*fc 
       ddsddr(1,1) = stress(1)/abs(dn) 
      end if 
      end if 
c 
************************************************************************* 
**********           Calculating Mode I failure energy          ***************** 
************************************************************************* 
c 
        cord1 = statev(5) 
        cord2 = abs(stress(1)) 
        cord12 = (cord1+cord2)/2 
        cenergy1 = cord12*abs(drdisp(1)) 
        statev(8) = statev(8)+cenergy1 
        statev(5) = cord2 
c 
************************************************************************* 
********    Defining Compression Response in Compression Shear Regime     ****** 
************************************************************************* 
 
 
 
 
 
c 
********************************************** 
***     Parameters for shear response      *** 
********************************************** 
c  
      crkdispx = es*li 
      ep = crkdispx+0.01*abs(stress(1)) 
      tau=fs+us*abs(stress(1)) 
      gsec = tau/ep 
      ultdispx = 40*ep 
      rg = stiffG/(stiffG-gsec) 
      xg = rdisp(2)/abs(ep) 
      gfiic = gfii+0.111*abs(stress(1)) 
c 
********************************************** 
***     Checking for Mode II Energy        *** 
********************************************** 
c        
      if (statev(9).GE.gfiic) then 
      print *, "Mode II or Both Energies Fully Consumed" 
      return 
      elseif (statev(9).LT.gfiic) then 
c 
********************************************** 
***  Defining Elastic and Hardening Shear  *** 
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********************************************** 
c       
       if (abs(dx).LT.crkdispx.and.abs(dx).LT.ultdispx) then 
       print *, "Slip is elastic" 
       stress(2) = tau*xg*rg/(rg-1+((abs(xg))**rg)) 
       ddsddr(2,2) = stiffG 
       statev(2) = stress(2) 
c 
********************************************** 
***      Defining Shear Softening          *** 
********************************************** 
c 
       elseif (abs(dx).GE.crkdispx.and.abs(dx).LT.ultdispx) then 
       print *, "Shear Softening" 
       stress(2) = tau*xg*rg/(rg-1+((abs(xg))**rg)) 
       ddsddr(2,2) = abs(stress(2))/abs(dx) 
       statev(15) = stress(2) 
c 
********************************************** 
***    Defining Residual Shear Softening   *** 
********************************************** 
c        
       elseif (abs(dx).GE.crkdispx.and.abs(dx).GE.ultdispx) then 
       print *, "Residual shear due to surface roughness" 
       stress(2) = statev(15) 
       ddsddr(2,2) = abs(stress(2))/abs(dx) 
      end if 
      end if 
c 
********************************************** 
***  Calculating Consumed Mode II Energy  **** 
********************************************** 
c         
        sord1 = statev(7) 
        sord2 = abs(stress(2)) 
        sord12 = (sord1+sord2)/2 
        energy2 = sord12*abs(drdisp(2)) 
        statev(9) = statev(9)+energy2 
        statev(7) = sord2       
c 
************************************************************************* 
********           Defining Tension Shear Regime Shear Regime             ********* 
************************************************************************* 
c 
      elseif ( rdisp(1) .lt. toler) then 
c 
      lOpenClose = 0 
c 
      print *, "Tensile Regime" 
c 
************************************************************************* 
********                   Parameters for shear response                  ********* 
************************************************************************* 
c 
      pdn = statev(13) 
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      crkdispx = es*li 
      ep = crkdispx 
      tau=fs 
      gsec = (tau/ep) 
      ultdispx = 40*ep 
      rg = stiffG/(stiffG-gsec) 
      xg = rdisp(2)/abs(ep) 
c 
************************************************************************* 
********            Check whether cracking is initiated or not            ********* 
************************************************************************* 
c  
      nsr = sigma/ft 
      ssr = shear/fs 
      syc = (nsr**2 + ssr**2)**0.5 
c 
************************************************************************* 
********            Check whether cracking is initiated or not            ********* 
************************************************************************* 
c     
      tdr = abs(rdisp(1)/crkdispnt) 
      sdr = abs(rdisp(2))/abs(crkdispx) 
      dyc = (tdr**2 + sdr**2)**0.5 
c 
************************************************************************* 
******         Defining Tension Shear response for elastic condition        ******* 
************************************************************************* 
c    
        if (syc.lt.1.and.dyc.lt.1) then 
        print *, "Elastic Response" 
        stress(1) = stiffE*rdisp(1) 
        stress(2) = tau*xg*rg/(rg-1+((abs(xg))**rg)) 
        ddsddr(1,1) = stiffE 
        ddsddr(1,2) = 0 
        ddsddr(2,1) = 0 
        ddsddr(2,2) = stiffG 
        statev(1) = stress(1) 
        statev(2) = stress(2) 
        statev(13) = abs(dn) 
c 
*************************************************************************** 
******         Defining Tension Shear response after initial cracking       ******* 
*************************************************************************** 
c        
      elseif (syc.ge.1.or.dyc.ge.1) then 
c 
*************************************************************************** 
******              Checking phase angle for analysis convergence           ******* 
*************************************************************************** 
c       
      xtoler = abs(rdisp(2))/abs(crkdispx) 
      ttol = abs(rdisp(1)/crkdispnt) 
c       
      if (xtoler.LE.0.20.and.ttol.GT.0.80) then 
c 
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*************************************** 
***    Checking Mode I Energy   ******* 
*************************************** 
c         
        if (statev(6).GE.gfi) then 
        print *, "Mode I Energy Fully Consumed" 
        return 
        elseif (statev(6).LT.gfi) then 
        print *, "Normal Displacement Only" 
        if (abs(dn).LT.ultdispnt) then 
        stress(1) = fteps*(exp(-1*(abs(dn)-abs(pdn))*stiffE/tj)) 
        statev(14) = stress(1) 
        elseif (abs(dn).GE.ultdispnt) then 
        stress(1) = statev(14) 
        end if 
c 
*************************************************************************** 
***    Defining Normal and shear stiffness when Normal stresses dominant  ******* 
*************************************************************************** 
c  
        DstiffE = abs(stress(1))/abs(dn) 
        DstiffG = stiffG 
        ddsddr(1,1) = DstiffE 
        ddsddr(1,2) = 0 
        ddsddr(2,1) = 0 
        ddsddr(2,2) = DstiffG 
        end if 
c 
c 
********************************************************************* 
***               Defining Shear Behavior after cracking          ******* 
********************************************************************* 
c         
        elseif (xtoler.GT.0.80.and.ttol.LT.0.20) then 
c 
*************************************** 
***    Checking Mode II Energy   ****** 
*************************************** 
c         
        if (statev(9).GE.gfii) then 
        print *, "Mode II Energy Fully Consumed" 
        return 
        elseif (statev(9).LT.gfii) then 
        print *, "Shear Displacement Only" 
        if (abs(dx).LT.ultdispx) then 
        stress(2) = tau*xg*rg/(rg-1+((abs(xg))**rg)) 
        statev(15) = stress(2) 
        elseif (abs(dx).GE.ultdispx) then 
        stress(2) = statev(15) 
        end if 
c 
********************************************************************* 
***    Defining Normal and shear stiffness when Shear stresses dominant   ******* 
********************************************************************* 
c         
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        DstiffE = stiffE 
        DstiffG = abs(stress(2))/abs(dx) 
        ddsddr(1,1) = DstiffE 
        ddsddr(1,2) = 0 
        ddsddr(2,1) = 0 
        ddsddr(2,2) = DstiffG 
        end if 
c         
        else 
        print *, "Normal and Shear Displacement found"         
c 
********************************************************************* 
***     Defining post crack behavior when both normal and shear stresses are dominant   * 
********************************************************************* 
c 
        print *, "Joint Failed in Shear and Tension same time" 
        if (statev(9).GE.gfii.or.statev(6).GE.gfi) then 
c 
****************************************************** 
***     Checking Mode I and Mode II Energies   ******* 
****************************************************** 
c 
        print *, "Mode I or Mode II or Both Energies Fully Consumed" 
        return 
c 
****************************************************** 
***       Defining shear softening behavior    ******* 
****************************************************** 
c 
        elseif (statev(9).LT.gfii.and.statev(6).LT.gfi) then 
        if (abs(dx).LT.ultdispx) then 
        stress(2) = fseps*xg*rg/(rg-1+((abs(xg))**rg)) 
        statev(15) = stress(2) 
        elseif (abs(dx).GE.ultdispx) then 
        stress(2) = statev(15) 
        end if 
c 
****************************************************** 
***       Defining Normal softening behavior    ******* 
****************************************************** 
c         
        if (abs(dn).LT.ultdispnt) then 
        stress(1) = fteps*(exp(-1*(abs(dn)-abs(pdn))*stiffE/tj)) 
        statev(14) = stress(1) 
        elseif (abs(dn).GE.ultdispnt) then 
        stress(1) = statev(14) 
        end if 
c 
************************************************************************** 
***       Defining Normal and Shear Stiffness after Degradation    ******* 
************************************************************************** 
c 
        DstiffE = abs(stress(1))/abs(dn) 
        DstiffG = abs(stress(2))/abs(dx) 
        ddsddr(1,1) = DstiffE 
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        ddsddr(1,2) = 0 
        ddsddr(2,1) = 0 
        ddsddr(2,2) = DstiffG 
        end if 
c               
        end if 
        end if 
c 
************************************************************************* 
**********           Calculating Mode I failure energy          ***************** 
************************************************************************* 
c         
        ord1 = statev(4) 
        ord2 = abs(stress(1)) 
        ord12 = (ord1+ord2)/2 
        energy1 = ord12*abs(drdisp(1)) 
        statev(6) = statev(6)+energy1 
        statev(4) = ord2 
c 
************************************************************************* 
**********           Calculating Mode II failure energy         ***************** 
************************************************************************* 
c         
        sord1 = statev(7) 
        sord2 = abs(stress(2)) 
        sord12 = (sord1+sord2)/2 
        energy2 = sord12*abs(drdisp(2)) 
        statev(9) = statev(9)+energy2 
        statev(7) = sord2 
      end if 
      write(*,50) stress(1),stress(2),ddsddr(1,1),ddsddr(2,2),rdisp(1) 
     $     ,rdisp(2),gfii,statev(9),li 
50    format(1x,f20.16,2x,f20.16,2x,f20.16,2x,f20.16,2x,f20.16,2x,f20.16 
     $     ,2x,f20.16,2x,f20.16,2x,f20.16) 
      return 
 end 
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Appendix D: Experimental Phase 
 
Floor Beam Details 
Testing of high bond strength masonry wall was performed on test floor in which the 
existing ferrules for anchoring purposes were provided at 1220 mm centre to centre. To 
accommodate 3000mm long wall, the anchorage was possible at 3660 mm and the 
length of beam, therefore, decided was 4000mm. The height of the beam was 200 mm 
and to hold a 100 mm thick wall, the thickness of beam was 150 mm as shown in 
Figure D1. 
 
Concrete beam was prepared in the lab using a ply mould or formwork. A concrete mix 
of 1:1.5:3 by weight used and water to cement ratio was kept equal to 0.45. The average 
unconfined compressive strength ( '
cf ) found through cylinder test was 32.3 MPa. 
Figure D1: Concrete bottom beam 
Anchorage holes 
Uplifting holes 
200mm 
150mm 
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Mixing was performed on site in a mechanical mixer of capacity 0.2 m
3
 per batch. Hole 
in beam, for anchorage with strong floor and uplifting/movement of beam, were formed 
using PVC pipes as shown in Figure D2. Beam was left to cure and the masonry wall 
was built after 28 days. All reinforcement was N10 and structural details are shown in 
Figure D3. 
 
Figure D2: Preparation of floor beam 
Mixer 
Mould 
Holes for lifting 
Figure D3: Reinforcement details of floor beam 
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Bond Beam 
Top two courses of each masonry shear walls were reinforced fully grouted masonry to 
act as the bond beam. The reinforcement details for bond beam are given in Figure D4. 
The construction details are given in Chapter 07. 
 
Reaction Frame 
A steel reaction frame was designed and constructed for testing of high bond strength 
masonry shear walls. The test rig consists of a reaction column (1000 WB 322), a 
bracing prop (350 WC 197) and two lateral tube section bracings (100100 5) as 
shown in Figure D5.  
Figure D4: Reinforcement details of top beam 
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The steel frame was designed based on serviceability criteria in which deflection of 
frame at loading point is not more than 0.2mm when subjected to 200KN. Structural 
modelling of the frame and deformation is shown in Figure D6. 
 
Figure D5: Reaction frame for wall testing 
(b): Ram connection base 
(b): Isometric view 
Figure D6: Modelling of reaction frame in SPACE GASS 
(a): SPACE GASS model 
(b): Node 2 deformation 
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Figure D6 (a) shows the modelling of the reaction frame in SPACE GASS and Node 2 
is the loading point which has displaced 0.16 mm when subjected to 200KN load. It is 
imported to note that the load taken by any wall was not more than 60KN (Chapter 07). 
The horizontal and the vertical displacements at all nodes are given in Table D1. 
Table D1: Nodal displacements 
Node 
Horizontal displacement 
(mm) 
Vertical displacement 
(mm) 
1 0.000 0.000 
2 0.158 0.027 
3 0.367 0.027 
4 0.000 0.000 
5 0.109 0.021 
6 0.032 0.011 
 
 
To avoid local buckling of the reaction column, stiffeners were provided. A support is 
provided to loading actuator. Whole reaction frame was connected to the strong floor. 
Overall set up is shown in Figure D7. 
 
1000 WB 322 
350 WC 197 
Reaction beam for pre-compression 
Loading ram for 
pre-compression 
Pre-compression 
distribution beam Stiffeners 
Figure D7: Test Setup 
Ram support 
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Repair of Bottom joint of Wall 1 
The bottom most course of the thin layer mortared masonry wall (Wall 1) failed at a 
lateral load of 7kN as reported in Section 7.4. The failure was limited to the bottom 
course sliding with no visible damage to the whole of the wall. With a view to re-
testing the wall, the bottom course was repaired using Sikadur-52 epoxy which consists 
of a resin and a hardener. The epoxy was chosen due to its tensile strength for concrete 
repair equal to 3.5 MPa and water-like viscosity equal to 110 mPa.s which is required 
for better infill within the hairline masonry crack. 
The joint of the wall was cleaned using a high pressure air pump available at Banyo 
Pilot Plant Precinct. Once the joint is clean, dense paste-like glue was placed around the 
wall to create a reservoir. The thickness of the paste was kept equal to at least 10 mm at 
every location as shown in Figure D8. Paste was left to dry for one day as per 
requirement of Sikadur-52 epoxy. Next day, the Sikadur-52 epoxy was inserted through 
an injector after mixing the resin and the hardener. The repaired joint was left to dry for 
24 hours and testing of wall was performed next day. 
 
Figure D8: Repair of bottom joint 
10mm thick dense 
paste around wall 
Sikadur 52 epoxy 
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Appendix E: Structural level modelling 
 
Natural Period of Masonry Wall 
Natural period of 2264 mm  1356 mm  90.5 mm thick masonry shear wall is 
calculated using formulation given by Ghosh (2011) in Eq. D.1. 
 
3
24 3
1
4 6
c c
s c b s
EI I L
k
h I L I h
 
  
 
      D.1 
Where 
 E  = Modulus of elasticity = 5950 MPa 
 L  =  Length of wall = 2256 mm 
 sh  = Storey (wall) height = 1356 mm 
 st  = face-shell thickness = 31.5 mm 
 cI  = Second moment of area due to column action of wall = 
3
12
st L  
  = 
331.5 2264
12

mm
4
 
 bI  = Second moment of area due to column action of wall = 
3
12
s st h  
  = 
331.5 1356
12

mm
4
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Using all these values in the stiffness of wall will be; 
 657k  KN/mm 
Assuming density of hollow concrete masonry equal to 1920 Kg/m
3
, the natural period 
of structure is given as Eq. D.2. 
 
m
T
k
 =
1920 2.264 1.356 0.1
657000
  
= 0.03Sec   D.2 
For minimum value of time step, the formulation is given in Eq. D.3 
 min
d
h
t
C
 
   
 
       D.3 
Where 
2
dC
 


  
   = Lame’s constant = 
(1 )(1 2 )
E
  
= 
0.3 5950
(1 0.3)(1 2 0.3)

  
= 3432 MPa 
   = Lame’s constant = 
2(1 )
E

= 
5950
2(1 0.3)
= 2289 MPa 
The formulation given by Lourenco (1997) is as in Eq. D.4 for characteristic length 
parameter ( h ). 
 
eh A         D.4 
For a 205 mm and 124.5 mm homogenised macro element; 
 205 112h   = 160 mm 
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3432 2289
1.920 9
dC
E



=2.010
6
 
min
d
h
t
C
 
   
 
 
 0.0001t  Sec 
The time increment must be greater than 0.0001 Sec and the time increment used for 
analysis of wall was 0.02 sec. 
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